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ABSTRACT 
 
Proteomics involves the systematic identification of the protein complement within 
an array of biological systems. Quantitative proteomics is an extension of proteomics that 
aims to characterize the changes in protein abundance between different sample states. Mass 
spectrometry, which measures the mass of ionized molecules in the gas phase, is the 
predominant analytical tool featured in quantitative proteomic studies. As more genomes 
are becoming annotated and publicly available, mass spectrometry-based approaches to 
proteomics have increased in feasibility. Furthermore, the orthogonal detection of all 
precursor ions and precursor ion fragments, known as data independent acquisition mass 
spectrometry, has allowed for high-throughput instruments to identify low and high 
abundant proteins without bias. Data-independent acquisition, in combination with ion 
mobility, has encouraged the enhancement of protein resolution by further separating ions 
based on their size, shape and charge. Together, the technological innovations of today’s 
mass spectrometers and advancement of genomic libraries has extended the boundaries for 
deeper proteome coverage. 
 The option of using label-free standards for quantitative applications in proteomics 
is a non-invasive and cost-effective method for measuring protein abundance. However, 
early label-free strategies suffered from poor resolution and sensitivity issues when 
analyzing complex mixtures during quantitative studies. By optimizing the use of data-
independent acquisition mass spectrometry and ion mobility separation, label-free strategies 
have joined the toolbox of reliable proteomic platforms for conducting quantitative analysis. 
In the following thesis, we present the successful application of using data-
independent acquisition mass spectrometry employing orthogonal ion mobility separation 
to three unique biological systems including Daphnia pulex with the supplementation of 
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using label-free quantitative techniques to explore the protein alterations in the seminal 
plasma of Chinook salmon, and the synaptosomes of a SMA mouse model.  For the Daphnia 
pulex profiling study, our optimized methods have progressed sample preparation methods 
for the Daphnia model system and suggests label free mass spectrometry techniques will be 
applicable in utilizing the Daphnia model in assays that monitor aquatic health dynamics. 
With regard to the Chinook salmon project, we elucidated statistically significant protein 
abundance differences between hooknose and jack male tactics. Proteins involved in 
membrane remodeling, proteolysis, hormonal transport, redox regulation, 
immunomodulation, and ATP metabolism were among the proteins reproducibly identified 
at different levels and represent putative factors influencing sperm competition between jack 
and hooknose males. This study represents the largest seminal plasma proteome from teleost 
fish and the first reported for Chinook salmon. Lastly, Label-free quantitative proteomics 
on isolated synaptosomes from spinal cords of a SMA mouse model identified 2030 protein 
groups. Statistical data analysis revealed 65 specific alterations in the proteome of the 
central synapses at the early onset stage of disease. Functional analysis of the dysregulated 
proteins indicated a significant enrichment of proteins associated with mitochondrial 
dynamics, cholesterol biogenesis, and protein clearance. These pathways represent potential 
targets for therapy development with the goal of providing stability to the central synapses, 
thereby preserving neuronal integrity in the context of SMA disease. 
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Figure 4.7 - Gene Ontology of differentially abundant synaptosome proteins. Qualitative 
comparison of DAVID enrichment analyses of synaptosomal proteins found to be 
differentially expressed (black bars, Δsynaptosome) and the total synaptosome proteome 
data set (gray bars, total data set). Gene Ontology mapped for proteins in relation to 
molecular function. Gene Ontology terms are shown on the y-axis with corresponding 
percent gene composition (x-axis). Notable differences are highlighted by stars………..104 
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CHAPTER 1- LITERATURE REVIEW 
 
1.1 Proteomics – Interrogating the Proteomes of Living Systems 
The fundamental task in proteomics is to acquire a comprehensive understanding 
of the protein levels and their functional correlation to the physiology of a particular 
biological system [1]. In brief, the proteome is defined as the total protein complement, 
which consists of the entire set of proteins that can or will be expressed within a system 
[2]; the system being either a specific cell line, tissue, or whole organism [3].  
In the context of biological systems, the proteome is remarkably complex in regard 
to its composition and function [4]. As such, there are two categories of proteomic research 
that has warranted the attention of the life sciences: expression proteomics, and functional 
proteomics [5]. The former involves the qualitative detection of expressed proteins in 
addition to the quantitative analysis of their abundances in order to reveal important 
biomarkers. Naturally, expression proteomics aims to characterize the changes in protein 
expressions between two or more states; usually the up-regulation or down-regulation of 
proteins between a physiologically healthy phenotype and a phenotype that resembles the 
pathology of disease progression [6]. In contrast, the changes in protein expression can also 
be useful in characterizing the importance of evolutionary advantages from species that 
employ different life history traits (e.g. alternate reproductive tactics) [7]. The latter 
approach aims to characterize protein activities in a spatial-temporal manner by 
investigating protein-protein interactions that form multi-protein complexes, changes in 
protein activity through post-translation modifications (PTMs), protein function with 
respect to subcellular localization, and protein networks involved in signal transduction 
[8].   
 
2 
 
To achieve the primary objectives of proteomics, it is important to discuss the 
existing technologies that enable global analysis of the protein complement, their 
interactions, abundance, and activity. Some of the conventional sample preparation 
techniques used in proteomic research comprises the use of Sodium dodecyl sulphate 
Polyacrylamide gel electrophoresis (SDS-PAGE) to visually compare and detect changes 
in proteomes. Other techniques invoke the specificity and sensitivity of antibodies such as: 
Western Blot (WB), immunohistochemistry (IHC), immunoprecipitation (IP), and enzyme 
linked immunosorbent assay (ELISA) [9]. As powerful as these techniques can be, they 
are still limited to the analysis of single proteins or directed towards the subcellular 
proteome. One particular technique, that has brought proteomics to the forefront of systems 
biology, is high resolution mass spectrometry (MS). Because of its high mass accuracy, 
sensitivity, and high-throughput capabilities, MS applications have a significant capacity 
to investigate the dynamic nature of biological systems at the proteome level [10]. 
Therefore, biological-MS is the ideal platform for hypothesis-driven proteomic research.  
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1.2 Mass Spectrometry – Instrumentation & Theory 
Mass spectrometry (MS) is a distinct branch of science that studies matter at the 
molecular level – specifically, by measuring the behavior of gas phase ions in the presence 
of an electric, and/or magnetic field [11]. The mass-to-charge-ratio (m/z) of ions provides 
valuable insight to their molecular mass, thus enabling MS to identify the chemical 
signature and composition of molecular structures [12].  
In regard to instrumentation, all mass spectrometers will consist of three core 
elements: The ionization source; the mass analyzer; and the detector. The purpose of the 
ionization source is to generate ions from any analyte present in a sample, and also to assist 
in the transmission of ions to the mass analyzer through their desorption into the gas phase 
[13]. The function of the mass analyzer is to help guide and sort the ions, based on their 
m/z value, by focusing their trajectories using either, or in combination of, an electric field, 
magnetics field, and field-free sector. In addition to focusing ions, the mass analyzer’s 
secondary function is to perform tandem mass spectrometry (MS/MS) [14]. Lastly, the 
detector, of mass spectrometer, is integral in the recording of both the presence, and 
intensity of ions after they have been sorted based on their m/z values [15]. 
1.2.1 Ionization Source 
A fundamental step, that is critical to the success of MS analysis, is the ability 
produce charged particles in the gaseous state. Although all mass spectrometers will have 
a compartment dedicated to the ionization of analytes, different ionization mechanism can 
be fundamentally distinct. Some examples of ionization sources include electron ionization 
(EI), and chemical ionization (CI) [11]. However, the conditions for ionization that EI and 
CI provide are not conducive for the analysis of molecules that are derived from biological 
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systems such as proteins, DNA/RNA, carbohydrates, lipids, and metabolites [16]. Two 
prominent ionization sources that are useful for the analysis of biomolecules, especially for 
proteomic investigations, are Matrix-assisted laser desorption ionization (MALDI), and 
electrospray ionization (ESI) [17,18].  
MALDI is a well-known and powerful method in the production of intact gas-phase 
ions of biological related molecules. First described by Karas and Hillenkamp in the 1987, 
MALDI’s success has been dependent on the use of a small organic molecule known also 
as the matrix [19]. The purpose of the matrix is three-fold. The first is to provide a chemical 
environment that is compatible with that of the analytes all while being chemically inert. 
In addition, the matrix affords favourable conditions for the formation of charged products 
-either negatively or positively charged. The second involves the physico-chemical 
properties of the matrix itself which is the ability to become energetically excited by 
photoionization. And lastly, the matrix provides a protective layer which buffers the 
analyte from the destructive properties of the incoming UV-laser [20]. The process of 
ionization itself is dependent on the formation of a solid deposit that is embedded with 
analytes co-crystalized within matrix molecules. Subsequently, laser irradiation of the solid 
deposit causes localized rapid-heating of the matrix which initiates the process of 
sublimation of the matrix alongside the analyte molecules into the gas-phase [21]. 
Although the process of ion formation is not fully understood, there are two main 
mechanisms that have been described for MALDI. Gas-phase protonation is the first 
mechanism proposed which states that analytes become ionized through charge transfer as 
they become desorbed into the gas-phase [22-24]. The competing theory is known as the 
lucky-survivor model. This model states that the analytes are initially charged while in the 
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condensed state all while being surrounded by their respective counter-ions. During the 
sublimation process, the matrix and counter ions are stripped from the analytes [25,26]. 
However, both the lucky-survivor model and gas-phase protonation model have been 
implicated in the formation of singly charged ions.  
The process of ionization for ESI is fundamentally different from MALDI. While 
MALDI generates singly charged ions from the solid-state, ESI produces multiply charged 
ions starting from a liquid medium. The composition of the solution is comprised of highly 
conductive solvent with polar character [27]. First described by John Fenn et al., the 
process of ion formation for ESI begins by subjecting the solution to a strong electric field 
while passing the sample through a needle/capillary at a low flow rate. By applying an 
electric potential difference of 3-6KV between the capillary tip and counter electrode, the 
electric-field induces a charge accumulation at the tip. With the addition of a co-axial 
sheath gas, the charge accumulation at the tip disperses the solution into highly charged 
droplets (nebulization). Furthermore, the application of heated gas which flows in 
opposition to the direction of the spray helps evaporate and any residual solvent resulting 
in the release of newly formed ions [28,29]. Essentially, the over-accumulation of like-
charges creates repulsive forces inside the droplet in order to exceed the surface tension of 
the solvent leading to coulombic explosion of the droplet itself and desorption of the ions 
into the gas-phase. This process of ion formation is known as the ion-evaporation method 
(IEM) and favors the production of ions of low m/z values [30]. The charge residue model 
(CRM), on the other hand, favors the formation of ions with high m/z. The competing 
model states that the formation of ions occurs through a process of solvent evaporation 
which ultimately results in an ion’s desorption from a singular droplet [31].  
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1.2.2 Mass Analyzers: 
More of a filter rather than participating in the analysis of ions, mass analyzers play an 
important role in the separation of ions based on their m/z values . With the exception of a 
magnetic sector, most mass analyzers operate under the principle that ions can be 
manipulated in space by utilizing electric fields [14]. Some common mass analyzers that 
are used in most mass spectrometers include quadrupoles, quadrupole ion-trap, time-of-
flight (TOF), and Fourier transform ion cyclotron resonance (FT-ICR) [11,14]. However, 
for simplicity and the purpose the of the present document, only quadrupoles and TOF will 
be reviewed in the following section.  
A quadrupole mass analyzer, as the name implies, consist of four identical rods that 
are oriented in space to produce a symmetrical region of oscillating electric field [32].  The 
oscillating electric field is generated by applying a voltage from a constant direct current 
(DC) with the addition of a superimposed radio frequency (RF) voltage of alternating 
current (AC) to each respective pair of rods. However, the electric potential difference that 
is supplied by the DC will be positive for one pair of rods and negative for the other, x-
plane and y-plane, respectively [Fiure 1.1] [33]. In addition, the RF for the AC voltages 
will be 180° out of phase between the opposing pair of rods. The significance of combining 
both DC and AC ensures that, during the initial scanning mode, the flight path of only 
select few ions of certain m/z values will survive the passage along the quadrupole and 
become detected. Meanwhile, the rest of the ions, whose flight paths do not resonate with 
the selected DC and AC voltages, will discharge on the poles [2,11,14,33]. Transmission 
mode, on the other hand, operates only on RF voltages to ensures a wider mass window of 
ions with a varying range of m/z values -which has been extremely valuable for the 
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identification proteins regarding proteomic investigations [2,11]. While quadrupole mass 
analyzers have robust focusing power, they are only able to resolve ions within a narrow 
mass range (4000Da mass limit) [11,14]. This limitation is primarily circumvented by 
exploiting the natural characteristics of ESI and the production of multiply charged ion 
species [11].  
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Figure 1.1 – Diagram of a quadrupole mass filter. As ions enter the quadrupole mass filter, they 
will traverse along the z-plane while being subjected to an oscillating electric field imposed by 
the rods in the x and y positions. U and Vo represent the DC current and RF voltage (AC), 
respectively. From March et al., Int. J. Mass. Spectrom, 377 (2015) 316-328 [33]. 
 
 
 
 
 
 
 
 
 
section on ‘Sector Instruments’ by R. Bateman in this Special
Centenary Issue. By this time, the two boys mentioned above had
entered theHonours Chemistry programat Leeds Universitywhere
the Bragg father-and-son team had earlier carried out studies of
X-ray diffraction. The Nobel Prize in Physics in 1915 was awarded
jointly to SirWilliamHenry Bragg andWilliam Lawrence Bragg “for
their services in the analysis of crystal structure by means of X-rays”;
to date, at the age of 25, Lawrence Bragg was the youngest Nobel
Laureate in Physics.
R and J continued with their undergraduate studies blissfully
unaware that Professor Wolfgang Paul, working with Helmut
Steinwedel at the University of Bonn, had disclosed the operating
principle of the quadrupole mass spectrometer (as the quadrupole
mass !lter, QMF, was described initially) in a patent !led in 1953
[2] and in a further patent by Paul et al. [3] !led in 1958. Despite
suggestions that Paul and Steinwedel were long-time collabo-
rators, the German and US Patents cited in Reference [2] and one
earlier paper [4] were their only joint publications. Paul’s discovery
of the principle of con!ning ions by means of strong-focusing
electric !elds arose as he and the members of his group were
designing a new high-energy accelerator that was to be
constructed under the streets of Bonn. Once he had established
the fundamental characteristics of quadrupole devices and built
his accelerator, Paul’s immediate interest in quadrupole mass
spectrometry disappeared. Only when he was preparing his Nobel
Lecture in 1989 did Paul discover, to his amazement, what
remarkable things analytical chemists were doing with ‘his’
invention!2 Wolfgang Paul was awarded the Nobel Prize in Physics
in 1989 along with Hans Georg Dehmelt and Norman F. Ramsey for
introducing the concept of con!ning ions in “traps without
material walls” [5]. While similar ideas had been proposed by
others [6], Wolfgang Paul and his colleagues in Bonn recognized
the principle of using strong focusing !elds for mass analysis [4]
and the !rst detailed accounts of the operation of a 3D quadrupole
ion trap, 3D-QIT, appeared in the thesis of Berkling [7] in 1956 and
by Fischer in 1959 [8]. The 1956 Germanpatent, ‘900’, and the 1960
US patent, ‘952’, are quite remarkable as they are the sole patents
that reveal the operating modes for both the QMF and the 3D-QIT.
Among a variety of radio frequency spectrometers advanced
during the period 1948–1955, only the QMF and the 3D-QIT have
survived to this day. To this pair of quadrupolar devices must be
added the linear quadrupole ion trap (LQIT) that appeared more
recently.
Other members of this family are the cylindrical ion trap (CIT),
rectilinear ion trap (RIT), and digital ion trap (DIT). The story of the
development of the family of devices that utilize path stability as a
means of separating ions is fascinating because it is a departure
from the development of sector instruments that were pioneered
by Thomson [9] in 1913 and others. Yet, despite the entrenchment
of sector instruments in mass spectrometry, the quadrupole mass
!lter and the quadrupole ion trap have brought about a revolution
in this !eld during the past quarter of a century as the forerunners
of the class of mass spectrometers that utilize the con!nement of
ions. In the account that follows we consider the !rst two two-
dimensional mass analysers, the quadrupole mass !lter and the
monopole mass spectrometer, followed by a discussion of the
three-dimensional quadrupole ion trap, the cylindrical ion trap and
the digital ion trap. Finally, we consider three variants of the
relatively new ‘linear quadrupole ion trap’, as well as the ‘toroidal’
and ‘halo’ ion traps. In addition, an account of the physical
principles behind the Kingdon trap and the OrbitrapTM mass
spectrometer is included in the Supplementary Information in
order to provide a comparison with the underlying theory of
quadrupole technology.
2. The Quadrupole mass !lter
The quadrupole mass !lter comprises a square array of four
accurately-machined and aligned conducting rods where the
distance of each rod from the central axis is r0. This array is
interposed between an ion source and a detector, usually an
electron multiplier of some type, as shown in Fig. 1. Opposite pairs
of rods are coupled together and an electrostatic radio frequency
potential applied between the pairs.
In addition, the opposite pairs of electrodes may be biased with
equal and opposite DC potentials, applied positively in the x-
direction and negatively in the y-direction. The intention is to
create equal but opposite quadrupolar potential distributions in
each of the x- and y-directions, taken with respect to the central
axis (z-direction) as being the origin. Ideally the inner surfaces of
the rods should be hyperbolic in cross-section in order to maintain
the correct quadrupolar shape of the potential distribution.
2.1. The QMF with round rods
Arrays of round rather than hyperbolic electrodes are used in
most modern instruments to simplify construction and to reduce
costs. Historically [2], it was considered that a good approximation
to a quadrupole !eld can be obtained when the radius r of each
round rod is chosen as 1.148! the selected r0 value [10]. Recently,
this assertion has been questioned by Gibson and Taylor [11] who
claimed that the best performance is obtained not with a single
value for r/r0 but rather with a value in the range r= 1.12! r0 to
r= 1.13! r0 because QMF performance is in"uenced to a small
extent by the ion beam form upon entering the QMF.
Let us consider initially the case where the DC bias applied
between the x- and y-pairs of electrodes is set to zero. When a
positive ion is injected (at energies of a few electronvolts) from the
source so that it moves through the electrode array (but not
precisely along the z-axis itself), it will be subjected to electrical
forces acting orthogonally to the direction ofmotion along the axis.
The ideal quadrupolar potential distribution will result in these
forces varying linearly with the displacements of the ion in the x-
and y-directions, and the three components of the motion of the
ion (that is, x, y, and z) can be considered independently. Thus, with
the application of a sinusoidally-varying RF potential between the
[(Fig._1)TD$FIG]
Fig. 1. Quadrupole mass !lter. The ions enter and travel in the z-direction, while
oscillating in the x–y plane. The oscillation is controlled by the DC (U) and RF (V)
pot ntials applied to each p ir of rods. Only those ionswith stabl trajectories at the
selected U and V values will travel the length of the quadrupole mass !lter and be
detected. (Reproduced from R.E. March, J.F.J. Todd, (Eds.) Practical Aspects of
Trapped Ion Mass Spectrometry: Vol. IV, Theory and Instrumentation, CRC Press,
Bo a Raton, FL, 2010. With permission from CRC Press.)
2 W. Paul, Personal communication to JFJT.
R.E. March, J.F.J. Todd / International Journal of Mass Spectrometry 377 (2015) 316–328 317
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The principles of ion separation regarding TOF mass analyzers involve the use of 
a homogenous electric field which propagates ions into a field-free region of the mass 
spectrometer known as the drift-tube; the drift-tube is kept under high vacuum/ low 
pressure conditions in order to avoid unwanted collision of ions [34]. In the drift-tube, there 
will be a distribution of ions of various masses that are characterized on the differences in 
velocities. Due to the homogenous electric field, each ion will acquire the same kinetic 
energy (KE), however, the velocities of ions will differ on the basis of their m/z values 
[11,34]. For instance, ions with a smaller m/z value will travel faster in the drift-tube and 
will be detected earlier than ions with a larger m/z value. Since KE is related to electric 
potential (Ep) [Equation 1], the time of when the ion will be detected can be calculated 
based on their m/z values. Where m is mass, v the velocity, q is the total charge of the ion, 
and Vs is the accelerating voltage applied to the ions [11].  
 
                                                                    !
"
mv2 = qVs ……………………..Equation 1 
 
To solve for velocity, the total charge can be expanded into its elementary charge z, and 
the charge of the ion in coulombs e [Equation 2] to yield [Equation 3].  
 
                                                                        q= ez…………………………Equation 2  
 
                                                                 v =  "#$%&
!/#	
(
……………………… Equation 3 
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Since ions are accelerated into a drift-tube of known length (L), the time (t)that is taken to 
cover the distance is determined by substituting velocity (v) into [Equation 4]. 
 
                                                                        𝑡 = )
*
………………………….Equation 4 
 
Because the length, accelerating voltage, and charge is held constant for the instrument, 
the time that is required for the ion to be detected is relate to the ion’s mass and charge 
[Equation 5]. 
 
                                                                𝑡" = (
+
		( )
",-.
)……………………..Equation 5 
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1.2.3 Ion Mobility Mass Spectrometry 
First introduced in the 1960s, ion mobility MS (IM-MS) is a technique that 
separates ions in the gas phase based on their size, shape, and charge [35]. Since the 
objectives of proteomics is to characterize the total proteome, IM-MS has been proven to 
be a powerful method in improving peptide resolution and thus increasing the dynamic 
range of proteome coverage in a high throughput manner [36]. Travelling wave IM 
separation (TWIMS) is a relatively novel methods in IM separation which is incorporated 
within the SYNAPT series of mass spectrometers that are manufactured by Waters [37].  
The conventional set-up and operation of TWIMS is dependent on the stacked ring 
ion guides (SRIG), as depicted in [Figure 1.2]. As illustrated, RF voltages are oriented in 
alternating fixed intervals with respect to the SRIG with the addition of a superimposed 
DC voltage to provide directionality of the ions [38]. The principle of separation involves 
the production of symmetrical wave-like motion of ions based on the RF electric field. In 
addition, the IM cell will be held under atmospheric conditions with inert gas flowing 
counter to the movement of ions. As ions surf the wave, they will experience a drag force 
due to collisions with the gas. The greater the collision cross-section of the ion, the longer 
it takes for ions to travel the IM drift-tube. For instance, ions with a larger size and surface 
area will experience greater amount of drag force than more compact molecular ion with 
the same m/z [35-38]. As a result, peptide and protein ions that co-elute during the 
chromatography step can be separated by IM.  
 
12 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2 – Stacked ring ion guide of travelling wave ion mobility cell. Adapted from 
Cumeras et al., Analyst, 140:5 (2015) 1376-1390 [38]. 
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1.3 MS-Based Proteomic Workflows  
The proteomic pipeline begins with isolation of biological material followed by 
sample preparation for MS, MS analysis, data-processing, and lastly ending with 
bioinformatic analysis [Figure 1.3] [39]. Often overlooked, a very important step in 
proteomic workflows is the reproducible isolation of biological material [40]. The 
proteome itself is dependent on the total number of protein-coding genes [41]. However, 
the complexity of the proteome can be modulated by several factors that act on separate 
junctures during the process of protein expression. For instance, the abundance of proteins 
can be affected by copy number variation of genes [42]. In addition, genes can be regulated 
either through their amplification or silencing which can result in tissue-specific protein 
expression [43]. At the transcriptome level, post-transcriptional machinery can modify 
mRNA by-products through a process of alternative splicing resulting in the production of 
multiple proteoforms from a single gene [44-46]. Lastly, at the proteome level, a protein’s 
function, localization, and lifespan can be dictated upon the addition or removal PTMs 
[47]. Furthermore, the stoichiometries of the protein landscape is affected in spatial-
temporal manner, meaning that not all proteomes will be alike under strict conditions [48]. 
This is especially true in regard to the equilibrium between protein synthesis and protein 
degradation [49]. Thus, it is imperative that appropriate biological sources are chosen when 
evaluating proteomic hypotheses using MS.  
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Figure 1.3 – Typical flow-diagram for proteomic workflows. Adapted from Malmström et al., 
Curr Opin Biotechnol, 18:4 (2007) 378-384 [39]. 
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1.3.1 Bottom-Up Proteomics 
The so-called bottom-up/shotgun approach to proteomics involves the analysis of 
proteins by measuring peptides generated from the proteins that have been subjected to 
proteolytic digestion. Although this may seem counter intuitive, enzymatic digestion of 
proteins are necessary to normalize a heterogenous complex mixture of proteins that allows 
for easier identification based on tandem mass spectrometry [50]. In comparison, top-down 
proteomic studies involve the MS measurement of fully intact proteins and has been 
successful in the identification of hundreds of different proteins as well as mapping various 
PTMs. However, top-down proteomics is usually applied in specialized cases (e.g. histone 
proteomics) while bottom-up proteomics is the more common approach for typical 
quantitative proteomic applications [52-55].  
A typical procedure for bottom-up proteomics is dependent on an a-priori 
knowledge of the total protein database for which protein identification will be inferenced 
[56]. For instance, after the proteins have been digested, separated using on-line liquid 
chromatography, and analyzed using MS, peptide identification is achieved by matching 
the protein mass fingerprint of the empirical mass spectral data alongside the in-silico 
digested protein database [50,56]. A common proteolytic enzyme used in most proteomic 
investigations is trypsin; a serine protease that specifically cleaves proteins at the carboxy 
terminus of lysine (K), and arginine (R) residues. Some characteristics of trypsin that make 
it ideal for bottom-up proteomics include its high specificity for K and R residues, its 
production of peptides of optimal length for MS measurements, its compatibility with 
downstream sample cleanup steps that are easily streamlined with LC-MS, and the 
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availability of at least one basic residue (K or R) that can be readily protonated in an acidic 
environment [57,58]. 
1.3.2 Tandem Mass Spectrometry  
The application of tandem mass spectrometry (MS/MS) is an integral tool for 
proteomic research [59]. It provides the unambiguous -albeit probability based - method of 
identification of peptides established on the analysis of the fragment data that is derived 
from the ordered decomposition of precursor ions (i.e. the ionized form of the full-length 
peptide) [60].  
The classical scheme of MS/MS operates on the basis that there are two separate 
mass analyzers placed in tandem [61]. In a specialized compartment of the mass 
spectrometer, termed the collision cell, fragmentation occurs through a process of collision 
induced dissociation (CID). In comparison to other sections of the mass spectrometer, this 
specialized chamber is under atmospheric/ low vacuum pressure conditions [62]. This is 
best exemplified by the use of a triple quadrupole (QqQ). The capitol Q refers to a 
quadrupole that is operated using both AC and DC voltages to scan for specific m/z values 
of precursor ions and fragment ions. In contrast, quadrupoles that are controlled strictly 
using RF mode are designated by the lowercase q - also formally known as the collision 
cell [63]. Although the Synapt G2-Si used in our studies is not a QqQ instrument, it does 
have a distinct section that is recognized as the Triwave which houses the trap, IM, and 
transfer cells [Figure 1.4] [64]. The trap and transfer cells are comprised of a similar SRIG 
design to that of the IM cell. The purpose of the trap and transfer cells are to guide/focus 
ions into the IM cell and TOF regions, respectively. In addition, they can both act as 
individual collision cells [37,64]. However, the sequence of CID is dependent on the type 
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instrument mode chosen for proteomic analysis and the relevance of this will be discussed 
in the following section. 
 
 
 
 
Figure 1.4 – Schematic diagram of the Synapt G2-si mass spectrometry by Waters ®. As 
illustrated from Ponthus et al., Int. J. Ion Mobil. Spec, 16 (2013) 95-103 [64]. 
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With respect to the fragmentation process, an important feature of the collision cell is that 
is it filled with an inert gas (i.e collision gas). As precursor ions enter this chamber, their momentum 
is escalated by manipulating the RF voltage strength in order to increase the chances of collisions 
with the collision gas. During the event of a collision between the precursor ion and collision gas, 
some of the kinetic energy will become converted into vibrational energy. Once the threshold for 
vibrational energy is surpassed, the precursor ion will decompose into product ions (i.e fragment 
ions). For peptides, the precursor ions will fragment at particular nodes within the peptide backbone 
[Fig. 1.5], and depending on the localization of charge, fragmentation of the precursor ion will 
yield predominantly y (C-terminal) and b (N-terminal) ions [67].  
 
 
 
 
 
 
 
 
 
 
 
Figure 1.5 - Nomenclature for common ion types produced by CID. The asterisk (*) denotes the 
most prominent ion types observed. As adapted from Wysocki et al., Methods, 35:3 (2005) 211-
222 [67]. 
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1.3.3 Data-Independent Acquisition Mass Spectrometry 
There are two general data-acquisition strategies that are extremely useful for the 
comprehensive identification of proteins related to bottom-up proteomic applications. The 
first, which is a dominant method utilized by most high-resolution mass spectrometers, is 
referred to as data-dependent acquisition (DDA). In this approach, fragment data (MS2) is 
dependent on the initial survey scan of precursor ions (MS1) [68]. During MS1, precursor 
ions are selected in real time for fragmentation based on abundance rank, signal intensity, 
and charge-state. However, by evading the identification of lower abundant proteins, the 
main disadvantage of DDA includes the risk that all peptides selected for fragmentation 
will be derived only from highly abundant proteins [69]. In addition, variation in 
chromatographic separation of peptides can obscure the sequential fragmentation of 
precursor ions as the retention times of peptides may differ over time [70]. However, 
modern DDA mass spectrometers are able to mitigate these performance issues with 
improvements made to faster scanning times and dynamic exclusion of peptides [69]. 
The second strategy, known as data-independent acquisition (DIA), helps to 
mitigate the bias towards the selection of highly abundant peptides and variation in 
chromatographic separation. The typical procedure for DIA involves the simultaneous 
analysis of precursor and fragment ions without the prerequisite analysis of abundance and 
intensity of precursor ions from an MS1 scan [71]. This type of acquisition is more formally 
known as MSE, where the term E stands for everything. While this type of acquisition 
strategy in comparison to DDA produces chimeric spectra that is very complicated to 
decipher, there are programs such as PLGS and Progenesis (developed by WATERS) that 
is able to deconvolute the MS/MS spectra produced by DIA strategies into actual 
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intelligible information [72]. With respect to the SYNAPT G2-Si, DIA is performed by 
cyclical CID modes which iterates low energy (LE) and high energy (HE) scans – the LE 
energy scans are insufficient to fragment precursor ions while the HE scans concomitantly 
produces fragment ions from the full- length precursor ions; toggling between LE and HE 
for DIA strategies occurs in the trap cell of the TriWave of the SYNAPT before entering 
the TOF region [73.74]. To improve resolution and protein identification, IM can be 
employed in an orthogonal manner prior to DIA to separate precursor ions based on size, 
charge, and shape. This form of DIA is called high definition MSE (HDMSE) [75,76]. 
1.4 Quantitative Proteomics 
The protein landscape is constantly fluctuating in response to its internal and 
external environment. The result of which will require accurate means of quantitating 
changes to the proteome. Quantitative proteomics is a branch of proteomics that aims to 
characterize changes in protein abundance for a variety of biological applications such as 
discovering novel biomarkers associated with diseases or advancing our understanding of 
fundamental biological mechanisms by measuring the protein alterations in response to 
extracellular stimuli [77-79]. 
While MS is a robust and sensitive tool for protein identification, it is not a 
technique that is inherently quantitative [80]. However, emerging technologies are being 
used to supplement quantitative measures for MS. Some examples of these methods 
predominantly use labeling strategies to discern differences between protein abundance 
such as: stable isotope labeling of amino acid in cell culture (SILAC) [81,82], isobaric tags 
for relative and absolute quantitation (iTRAQ) [83], and tandem mass tagging (TMT) [84]. 
SILAC involves the endogenous incorporation of amino acids, of various isotopic masses, 
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in metabolically active cells [81,82]. Conversely, iTRAQ and TMT are post-lysis labeling 
strategies that are applied to the peptide level with an affinity for primary amines [83,84]. 
These techniques can provide quantitative results with high mass accuracy and have the 
advantage of being able to multiplex several biological replicates into a single run, reducing 
instrument usage and measurement time [81-84]. There are some disadvantages to labeling 
strategies as well. For instance, these techniques are dependent on the reproducible labeling 
of their targets to completion, thus the stochasticity of labeling can add variability to 
quantitation. In addition, the capability of multiplexing can over-complicate the already 
convoluted spectra of DIA MS/MS [69].  
Currently, label-free quantitation (LFQ) is the only method compatible for DIA-
MS. In addition, LFQ is an non-invasive and relatively inexpensive method of quantitation 
in regard to measuring protein abundance with MS [69]. The earliest form of LFQ includes 
monitoring ion-count and ion-intensity. The former, also known as spectral counting, 
predicates on the strong correlation between abundant proteins and the amount of MS/MS 
spectra they produce. The latter, on the other hand, establishes relative quantitative results 
of protein abundance based on the ion-intensity which is calculated by the area under the 
curve, or peak height [69,85,86]. A more reliable form of LFQ, which provides close to 
absolute quantitative results, is a method termed either Top3 or Hi3. First reported by Silva 
et al., this type of LFQ utilizes a set of internal peptide standards of known concentration 
which measures protein abundance by extrapolating the top three ranking abundant 
peptides in relation to the standard [87].  
 
 
 
22 
 
1.5 Objectives 
 
The development of quantitative proteomic methodology within our laboratory has 
facilitated collaborative opportunities to advance the knowledge of a variety of 
fundamental cellular processes and model systems. The objectives of my dissertation are 
to adapt and implement the utilization of various quantitative proteomic techniques using 
ion mobility in conjunction with data independent acquisition mass spectrometry to 
interrogate various cellular systems using label-free quantitative strategies.   
Specifically: 
 
1) Proteomic Characterization of Daphnia pulex for Eco-Toxicological Studies. 
 
 
2) Quantitation of Seminal Plasma Protein Abundance Between Different 
Reproductive Tactics of Chinook Salmon. 
 
 
3) Comparative Proteomic Analysis of Synaptosomes Isolated from Spinal 
Muscular Atrophy Mice. 
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CHAPTER 2 – PROTEOMIC PROFILE OF DAPHNIA PULEX USING DATA-
INDEPENDENT ACQUISITION MASS SPECTROMETRY AND ION-
MOBILITY SEPARATION 
 
 
2.1 – Introduction 
 The use of proteomics for functional characterization of model aquatic organisms 
has emerged as a promising complement to the more traditional genomic approaches. The 
water flea, Daphnia pulex, is a freshwater crustacean that represents a keystone species for 
the aquatic habitats as well as a useful sentinel species for evidence of environmental stress 
[1]. Daphniids are emerging as model organisms for ecological genomic studies due to 
their many favourable attributes such as broad geographic and ecological distribution, short 
generation time, cyclical parthenogenetic reproduction involving the alternation of sexual 
and asexual reproduction, small genome size, and susceptibility to stress [2]. As a result, 
many recent studies on Daphniids have utilized ecological genomic techniques. While 
there have been several studies employing various mass spectrometry-based techniques, 
the D.pulex functional proteome remains poorly annotated [1,3-5]. Thus, the continued 
efforts aimed at characterizing the D.pulex proteome in terms of identifyinh novel D.pulex 
proteins and annotating theur putative function  via bioiniformatics are required for the 
development of future target-based assays for monitoring aquatic environmental health, 
and contributing to the preservation of fresh water resources. 
 Two major categories of acquisition modes used for proteomic analysis are the so-
call data-dependent acquisition (DDA), and data-independent acquisition (DIA) [6]. DDA 
utilizes an initial survey scan (MS1) prior to isolating a precursor ion for MS/MS analysis 
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(MS2). While effective at producing high quality fragmentation data for peptide 
identification, DDA experiments are inherently biased toward higher abundant ions, 
potentially excluding lower abundant peptide ions [6]. DIA methods attempt to circumvent 
this issue by simultaneously fragmenting all precursor ions within a specified mass 
window. The rapid toggling of low and high collision energy scans per duty cycle (MSE) 
can detect, in parallel, precursor ions and precursor ion fragments, respectively [6]. This 
enables DIA approaches to better identify lower abundant proteins within complex 
proteomic studies. DIA methods are enhanced by efforts to reduce sample complexity, such 
as employing ion mobility (IM) separation techniques. IM is a gas-phase technique that 
separates ions based on size, shape, and charge [7]. IM has been shown to be effective at 
separating coeluting peptides and improving proteome coverage during DIA experiments 
[8]. In this study, we applied for the first time IM-MS and DIA acquisition methods toward 
the study of the D. pulex proteome 
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2.2 – Experimental Procedures 
 
Sample Acquisition and Preparation for Mass Spectrometry Analysis 
D. pulex samples were collected from Disputed Pond, located in Windsor, Ontario, 
Canada and maintained as described previously [9]. Briefly, cultures were maintained in 
Field Laboratory for the Assessment of Multiple Ecological Stressors (FLAMES) medium 
at 18 ± 1 °C with a circadian cycle consisting of 16 h light:8 h dark within a SHEL LAB 
biochemical oxygen demand (BOD) incubator [9]. Cultures of D. pulex were allowed to 
acclimatize to these conditions for a minimum of four generations prior to harvesting. 
Approximately 50 adult females were placed in algae free media for 12–14 h, filtered using 
ultra-soft nylon mesh, frozen immediately in liquid nitrogen, and stored at −80 °C. Frozen 
samples were re-suspended in non-denaturing lysis buffer containing 50 mm Tris-HCl (pH 
7.4), 150 mm NaCl, 1% Triton X-100, 0.1% SDS or denaturing lysis buffer containing 8 
M urea, 4% CHAPS, 40 mm Tris-HCl (pH7.4), 50 mm DTT (Figure 1A) and supplemented 
with a HALT (Thermo) protease inhibitor cocktail prior to pulse homogenization. Due to 
the abundance of gut-based proteases that are resistant to commercially available protease 
inhibitors and active at lower temperatures, previous attempts to study the D. pulex 
proteome have demonstrated rapid and extensive protein degradation using standard 
sample preparation techniques even when homogenized in denaturing buffers  (Figure S1, 
Supporting Information) [4,5,10]. As previously observed by Kemp and Kultz, heating the 
homogenate at 100 °C for 5 min improves protein degradation due to denaturation of 
proteases (Figure S1, Supporting Information, left panel) [5]. Homogenate heating using 
nondenaturing buffers was employed, as denaturation buffers under these conditions have 
been shown to yield side reactions, such as carbamylation [11]. Preparation of tryptic 
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peptides for mass spectrometry analysis were generated by both in-gel and in-solution 
digestion methods to compare the value of pre-fractionation (in-gel) against more rapid 
and efficient approaches (in-solution). At least two biological replicates were performed 
for in-gel and in-solution methods. For in-gel digestion methods, SDS/PAGE gels were run 
using extracts (80 μg) diluted in loading dye (3×) and boiled for 5 min. In-gel digestion 
proceeded as previously described from 16 gel slices and subsequently pooled to yield 8 
fractions at 150 ng μL−1 concentration for MS analysis [12]. For in-solution experiments, 
100 μg of protein were precipitated with 13% TCA/acetone for 3 h. Re-suspended pellets 
were digested overnight at 37 °C with trypsin as described previously and diluted to 150 
ng μL−1 for MS analysis [12]. 
Mass Spectrometry Analysis of Daphnia pulex 
Proteomic analysis was performed using a Waters Synapt G2-Si mass spectrometer 
interfaced with a nanoAcquity ultraperformance liquid chromatography (UPLC) system. 
Following trypsin digestion, peptides (150 ng μL−1) were injected on a C18 reverse phase 
column (Waters HSS T3 75 × 150 μm analytical column) at a flow rate of 0.5 μL min−1 
using a 3–85% acetonitrile gradient in 0.1% formic acid over 110 min for 1D UPLC 
analysis. For 2D UPLC separations, peptides (150 ng μL−1) were loaded onto the first 
dimension XBridge BEH130 C18 nanoEase column (300 × 50 μm), which had been 
equilibrated with 20 mm ammonium formate, pH 10. First dimension fractions were eluted 
off using a discontinuous step gradient with acetonitrile elution steps (11%, 14.5%, 17.5%, 
20%, 45%, and 65%) at 2 μL min−1 and transferred onto a second trapping column. 
Peptides were then eluted from the trap onto a nanoAcquity BEH130 C18 analytical 
column (100 μm × 100 mm, 1.7 μm) using a 0–85% acetonitrile gradient at 400 nL min−1 
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over 45 min. Eluting peptides were analyzed in DIA mode without IM (MSE) and with IM 
(HDMSE) by alternating between high and low energy scans in positive ion mode. 
Precursor ions ranging from 50 to 2000 m/z were scanned at a rate of 0.8 s. A 50 fmol/μL 
[Glu1]-fibrinopeptide B at 500 nL min−1 was used as a lock mass external calibrant. Cone 
voltage was set to 30 V and the capillary voltage was kept at 3.8 kV. MSE experiments had 
fragmentation occurring in the trap region of the TriWave chamber using a linear ramp 
from 15 to 45 V across the high energy scan. For HDMSE experiments, fragmentation 
transpired within the transfer region of the TriWave cell following IM separation. Data was 
collected using MassLynx (version 4.1) and analyzed using Progenesis QI (Nonlinear 
dynamics version 2.01). Processing parameters for peak detection signal thresholds were 
135 counts for low energy (MS1), 30 counts for high energy (MS2), and 750 counts for 
peptide intensity combined across isotopes and charge states with data lock mass corrected 
post acquisition. The D. pulex database was downloaded from NCBI on January 15, 2017 
containing 33 524 sequences. The protein search parameters were set to include a 
maximum protein mass of 250 kDa, a minimum of three matched fragment ions per 
peptide, a minimum of seven fragments ions per protein, and two missed trypsin cleavages 
was permitted. All single peptide identifications were manually inspected for quality and 
only accepted if they also met our other criteria (seven fragments per protein, mass 
accuracy of <10 ppm, and minimum peptide score of 5.0). A 1% false discovery rate was 
estimated utilizing a decoy database and proteins were required to be detected in at least 
two technical replicates for positive identification. Variable modifications of 
carbamidomethylated cysteine and oxidation of methionine were specified. The mass 
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spectrometry proteomics data have been deposited to the ProteomeXchange Consortium 
via the PRIDE partner repository with the dataset identifier PXD008455. 
2.3 – Results and Discussion 
After resolving duplicate identifications and applying our protein hit criteria, a total 
of 1732 unique D. pulex proteins were confidently identified between all methods used 
[Figure 2.1C, Table S2.1, Supporting Information]. Among them, 50% of the proteins 
were identified in multiple methods with 15% being cross identified between all five 
techniques. Noticeably, analysis of the results revealed that the use of IM provided the most 
significant improvement in proteome coverage. This is evident when comparing in-gel and 
in-solution methods in the absence and presence of IM separation. For both methods, 
application of IM increased the number of identified peptides/proteins twofold [Figure 
2.1C, Figure S2.2, Supporting Information]. This effect was not observed when 
comparing 1D versus 2D UPLC samples. However, the two chromatography approaches 
did each identify over 100 unique proteins, revealing that some peptides/proteins required 
2D UPLC for detection, while other peptides/proteins required the sensitivity advantage 
associated with 1D separation. The finding that 2D UPLC did not yield a substantial 
increase in total protein identifications suggests that sample complexity requiring higher 
peak capacity was not a major factor. This may be a database issue or the result of only 
partially remedying the activity of Daphnia-specific proteases during sample preparation. 
Alternatively, ion mobility did result in significant improvement in protein identifications, 
likely due to a higher degree of orthogonality compared to 2D UPLC as observed by others 
[8]. Collectively, our results indicate that under our conditions, a comprehensive 
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chromatography approach employing in-gel and in-solution preparation methods coupled 
to IM-MS maximizes the proteome coverage of D. pulex.  
 
Figure 2.1- Daphnia pulex proteome using DIA-IM-MS. A) Schematic of proteomic workflow. 
B) Venn diagram comparing proteomic results from three independent investigations including 
Steevensz et al. (current study), combined runs from Borgatta et al.,[3] and Colbourne et al.[1] C) 
Venn diagrams comparing proteins identified from proteomic analysis employing in-gel digestion 
(Gel), in-solution digestion (Soln), data-independent acquisition (MSE), and/or MSE with ion 
mobility separation (HDMSE) 
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Figure !. Daphnia pulex proteome using DIA-IM-MS. A) Schematic of proteomic workflow. B) Venn diagram comparing proteomic results from three
independent investigations including Steevensz et al. (current study), combined runs from Borgatta et al.,[!] and Colbourne et al.["] C) Venn diagrams
comparing proteins identified from proteomic analysis employing in-gel digestion (Gel), in-solution digestion (Soln), data-independent acquisition
(MSE), and/or MSE with ion obility separation (HDMSE).
nylo mesh, frozen immediately in liquid nitrogen, and stored
at!!" °C. Frozen samples were re-suspended in non-denaturing
lysis bu#er containing $" m% Tris-HCl (pH &.'), ($" m% NaCl,
(%Triton X-("", ".(%SDS or denaturing lysis bu#er containing
! M urea, '% CHAPS, '" m% Tris-HCl (pH&.'), $" m% DTT
(Figure !A) and supplemented with a HALT (Thermo) pro-
tease inhibitor cocktail prior to pulse homogenization. Due
to the abundance of gut-based proteases that are resistant to
commercially available protease inhibitors and active at lower
temperatures,[',("] previous attempts to study the D. pulex pro-
teome have demonstrated rapid and extensive protein degrada-
tion using standard sample preparation techniques even when
homogenized in denaturing bu# rs[$] (Figure S(, Supporting
Information). As previously observed by Kemp and Kultz,[$]
heating the homogenate at ("" °C for $ min improves protein
degradation due to denaturation of proteases (Figure S(, Sup-
porting Information, left panel). Homogenate heating using non-
denaturing bu#ers was employed, as denaturation bu#ers under
these conditions have been shown to yield side reactions, such as
carbamylation.[((] Preparation of tryptic peptides for mass spec-
trometry analysis were generated by both in-gel and in-solution
digestion methods to compare the value of pre-fractionation (in-
gel) against more rapid and e)cient approaches (in-solution).
At least two biological replicates were performed for in-gel and
Proteomics "#!$, !", "#$$%&$ C" '$"(WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim!%##&'# (" of ()
 
38 
 
Due to the fact that the majority of the D. pulex proteome remains uncharacterized 
and/or hypothetical, a large-scale BLAST analysis was performed utilizing the BLAST+ 
command line user interface.[13] FASTA file sequences of identified proteins were 
retrieved, along with protein databases containing annotated entries from species of interest 
(Homo sapiens, Anopheles gambiae, and Drosophila melanogaster), and uploaded into the 
BLAST+ interface. Batch sequence alignments to identify homologous proteins was 
performed using an E-value < 0.001 to indicate significant homology. The Panther gene 
ontology software was used to perform enrichment analysis and ontology determination 
only on proteins that had a high confident sequence alignment. This resulted in putative 
annotation of 1427 of the 1732 identified proteins [Table S2.1, Supporting Information]. 
Gene ontology enrichment analysis revealed that while the majority of gene families were 
equally represented, there were several gene families that appear to be overrepresented in 
the D. pulex proteome compared to the proteomes of closely related invertebrates and 
humans [Table S2.2, Supporting Information]. Most notably, several enzyme families 
associated with mitochondrial dynamics (dehydrogenases, oxidoreductases), lysosomal 
function (hydrolases), proteolysis (proteases, metalloproteases), and antioxidant defense 
(oxidases, reductases) were significantly enriched in our isolated proteome [Table S2.2, 
Supporting Information]. It is noted that the enrichment in proteases correlates to the 
observed problematic protease activity during Daphnia proteome analysis [Figure S2.1] 
[4,5]. In contrast, genes associated with an immune defense system were significantly 
underrepresented in our proteomic analysis. This observation may be due to the aseptic 
laboratory conditions employed or the inherent difficulty in isolating immune related 
transmembrane proteins for proteomic analysis. Alternatively, it may suggest D. pulex 
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utilizes unique defense mechanisms for preventing pathogenic invasion as supported by 
previous bioinformatic analysis of the D. pulex genome [14]. It is important to note that 
since the D. pulex genome is poorly annotated, the gene ontology findings will require re-
examination once D. pulex genome is better annotated. 
We also performed a meta-analysis comparing our data using DIA-IM-MS with the 
largest two D. pulex proteomic studies that employed DDA-MS on orbitrap instruments 
[Figure 2.1D] [1,3,4]. Collectively, a total of 4244 unique D. pulex proteins have been 
identified between the three studies, 442 of which were uniquely identified in our current 
study [Figure 2.1D]. Interestingly, of the 442 unique proteins, 75% were identified only 
with IM [Figure 2.2A], emphasizing the impact of ion mobility separation for acquiring 
deeper proteome coverage. Moreover, when we subdivided the IM identified proteins 
amongst the different sample preparation methods, there was a relatively equal distribution 
of proteins identified amongst the techniques [Figure 2.2C]. However, gene ontology 
analysis revealed that certain classes of proteins were enriched within individual methods 
[Figure 2.2D]. For example, membrane-associated proteins were found overrepresented in 
samples prepared using in-solution trypsin digestion compared to in-gel digestion samples 
with methods employing 2D UPLC identifying the most membrane proteins [Figure 
2.2D]. This is likely due to inherent deficiencies of gel electrophoresis in processing 
hydrophobic proteins [15]. For the in-gel digested samples, besides an enrichment of 
proteolytic enzymes, there was no observable trend in protein class preference with in-gel 
digestion. Proteins identified exclusively with this sample preparation method likely either 
benefit from gel electrophoresis-mediated separation or are not amendable to precipitation 
prior to in-solution digestion. 
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Figure 2.2 - Contribution of ion mobility separation for Daphnia pulex proteomic analysis. 
A,B) Venn diagram and gene ontology analysis of novel proteins identified in the current study 
identified without (MSE) and using ion mobility separation (HDMSE). C,D) Venn diagram and 
gene ontology analysis comparing the sample preparation techniques used for identifying novel 
proteins by HDMSE analysis. 
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As mentioned above, we were not able to assign a putative description to 
approximately 300 proteins during our BLAST+ analysis. To obtain some insight into their 
function, we broadly searched against sequences from all organisms represented in the 
NCBI non-redundant database. This resulted in numerous proteins predicted to possess 
various functional domains [Table 2.1]. One of the more intriguing findings were the large 
number of identified proteins predicted to possess domains associated with 
retrotransposition and other genome modifying mechanisms. This finding provides 
supporting evidence to the long-term mutation accumulation experiments, which revealed 
that Daphnia has a high rate of large-scale duplications and deletions, with such events 
often spanning coding regions [16,17]. Surveys on DNA transposons in natural populations 
of Daphnia have also revealed that cyclical parthenogenetic lineages of Daphnia exhibit 
high loads of transposable elements and signatures of recent transpositions [1,18-20]. It 
will be therefore interesting to examine if these novel putative DNA modifying enzymes 
are important drivers of DNA transposition in D. pulex. 
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Table 2.1- Annotation of putative domains in Daphnia pulex. 
 
 
 
 
 
In conclusion, the current study advances our current knowledge of the D. pulex 
proteome using DIA techniques. We also demonstrate the utility of ion mobility separation 
in significantly improving proteome coverage and as a valuable tool for future exploration 
of the D. pulex proteome. 
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2.4 – Supplementary Figures 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
Supplementary Figure S2.1 - SDS/PAGE analysis of various precipitation procedures.  Samples 
were lysed using non-denaturing buffer and heated at 100 °C for 5 min (Left panel) or Urea buffer 
(Right panel) and 100 μg of protein was subjected to the following precipitation buffers:  (1) No 
precipitation, (2) Acetone, (3) 13% TCA, (4) 13% TCA/Acetone, and (5) Chloroform/Methanol. 
The TCA/Acetone buffer was utilized for MS analysis (indicated by an asterisk (*)) as it 
reproducibly yielded the highest protein yield.  
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 Supplementary Figure S2.2 - Venn diagram comparing peptides identified from proteomic 
analysis employing in-gel digestion (Gel), in-solution digestion (Soln), data-independent 
acquisition (MSE), and/or MSE with ion mobility separation (HDMSE).   
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CHAPTER 3 - PROTEOMIC CHARACTERIZATION OF SEMINAL PLASMA 
FROM ALTERNATIVE REPRODUCTIVE TACTICS OF CHINOOK SALMON 
(ONCORHYNCHUS TSWATCHYSHA) 
 
3.1 - Introduction 
In external fertilizing fishes (including salmonids), the efferent duct produces 
seminal plasma, providing an optimal ionic environment for maintaining the viability of 
spermatozoa after their release from the testes into the sperm duct and once released into 
the spawning environment [1]. In addition to maintaining the quality of spermatozoa inside 
the reproductive tract or in the spawning environment, recent research has shown that 
seminal plasma also plays a role in sperm competition [2]. Competition occurs when 
spermatozoa from multiple males contend over the chance to fertilize a female's eggs [2] 
and is especially prevalent in fish species in which male alternative reproductive tactics are 
present [3]. The most common alternative reproductive tactic system seen across fish taxa 
is the sneak-guard dichotomy in males [4]. Sneaker males usually have small body size and 
use covert techniques to sneak into mating events between guard males and females to 
obtain reproductive success. In contrast, the guard males are typically large in body size 
and have more pronounced secondary sexual characteristics to aid in asserting dominance, 
including fighting off other males while protecting and monopolizing females. The 
prevailing theory in the field predicts that sneaker males invest more into spermatogenesis 
instead of body size, resulting in higher quality sperm, while the guard males invest more 
into body size and secondary sexual characteristics in order to defend females or resources 
important to females [5]. For example, in Atlantic salmon (Salmo salar), the precocious 
parr (sneaker male), relative to body size, has larger testes, ejaculate volume, number of 
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spermatozoa cells, higher spermatozoa motility, and live longer compared to the 
anadromous (guard) males [6,7]. 
Chinook salmon (Oncorhynchus tshawytscha) also exhibit the sneakguard 
alternative reproductive tactic in males, where the large, dominant hooknose (guards) have 
priority in mating positions with females, while the small, precocious jack males (sneakers) 
adopt the sneaking tactic [8,9]. Previous work has shown that jacks have relatively larger 
testes and their spermatozoa swim faster in river water compared to hooknose [10], 
supporting the theory that sneaker males (jack) possess higher sperm quality in general 
[11]. However, differences in testes size may also result in seminal plasma variation 
between jack and hooknose males that could impact fertilization success. 
Most of the studies to date that examine sperm competition dynamics in fishes have 
focused on either looking at differences in spermatozoa number or spermatozoa quality 
[12]. However, spermatozoa only make up a portion of the ejaculate and other components, 
such as seminal plasma (fluid) can have effects on the outcome of sperm competition 
[13,14]. For example, Locatello and colleagues [15] demonstrated that for the grass goby 
(Zosterisessor ophiocephalus) the seminal plasma from the sneaker tactic can attenuate the 
performance of the rival guards' spermatozoa. Furthermore, spermatozoa from sneaker 
males were shown to achieve higher velocity and fertilization success by utilizing the guard 
male's seminal plasma [15]. 
 
Recent advances in quantitative proteomics have given rise to labelfree techniques 
for performing comparative analysis of protein levels between different samples [16]. 
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Label-free techniques typically compare normalized precursor ion intensities across 
multiple biological and technical replicates to detect differential protein levels [16]. 
Furthermore, label-free approaches combined with data independent acquisition modes and 
orthogonal separation techniques, such as ion mobility separation, greatly enhances 
reproducibility, sensitivity, and sequence coverage compared to data dependent spectral 
counting techniques [17,18]. Thus, the promise of proteomics has made it a powerful 
approach to analyze protein dynamics in the male gametes of aquatic animals [19–22]. 
However, despite the increasing evidence that seminal plasma is an important factor 
influencing spermatozoa quality and fertilization competition, little information is 
available on its protein composition in Chinook salmon. In this study, we aimed to advance 
the understanding of the Chinook salmon seminal plasma proteome and determine 
functional differences between alternative reproductive tactics of Chinook salmon from a 
wild spawning population using label-free quantitative proteomics. 
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3.2 – MATERIALS AND METHODS 
Collection of Chinook Male Tactics 
Sexually mature Chinook salmon were collected during two spawning sessions (2–
6 October, 2013 and 4–6 October, 2014) using backpack electrofishing from a winter run 
in the Credit River (Mississauga, Ontario, Canada, N 43°35′, W 79°42′), which flows into 
Lake Ontario (that has been stocked for over 40 years) [11,23–25]. We considered males 
b675 mm in fork length to be jacks based on lengthage relationships derived from otolith 
assessment for our population. All males N675 mm were considered hooknose males and 
documented as age 1+ (675–750 mm), age 2+ (750–850 mm) or age 3+ (900– 950 mm) 
[8,10–11] (Ontario Ministry of Natural Resources, unpublished data). In addition, all fish 
b675 mm in fork length in our population were morphologically characteristic of jacks (e.g. 
coloration similar to that of females). 
Chinook salmon were located upstream in turbid water ranging from 2 to 4 ft in 
depth. Water temperature at the time of collection was ~11 °C. The Ontario Ministry of 
Natural Resource and Forestry technicians (License number 1081183) humanely sacrificed 
the fish and obtained milt (fluid containing spermatozoa and seminal plasma) samples by 
applying pressure on the abdomen of each fish. The initial male ejaculate was discarded in 
a standardized manner and the external urogenital pore was wiped dry to avoid 
contamination from water, urine, feces, and blood. Milt samples were collected into 532 
mL clear Whirl-Pak sample cooling bags (Nasco, Newmarket, ON, Canada) and were 
stored on ice in coolers for approximately 4 h during transport back to the laboratory for 
immediate processing. All research followed the University of Windsor and Canadian 
Council of Animal Care guidelines (AUPP 14–25). 
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In-Solution Trypsin Digest of Seminal Plasma Samples 
The milt samples from five biological replicates per tactic (5 jack males and 5 
hooknose males) were subjected to centrifugation at (300 ×g) for 10 min to separate 
seminal plasma and spermatozoa cells. Seminal plasma protein concentration was 
determined by Bradford assay. Equal amounts of total protein from each biological 
specimen was precipitated overnight using a chilled 4:1 acetone solution at −20 °C. Protein 
pellets were washed three times with acetone and resuspended in solubilization buffer 
containing 0.1% RapiGest SF surfactant (Waters) in 50 mM ammonium bicarbonate 
(Fisher Scientific). Protein samples were reduced and alkylated with 10 mM dithiothreitol 
(Fisher Scientific) and 55 mM iodoacetamide (Sigma), subjected to insolution trypsin 
digestion (Promega) at a 1:50 (enzyme:protein) ratio and incubated overnight at 37 °C. 
Trifluoroacetic acid (Pierce) was added to each sample the next day at a final concentration 
of 0.5% to quench enzyme activity and hydrolyze the surfactant according to 
manufacturer's protocol. All samples were de-salted using OASIS HLB extraction columns 
(Waters). Peptides were eluted in 65% acetonitrile (Burdick & Jackson) and concentrated 
by vacuum centrifugation. The peptides were then re-suspended in 0.1% formic acid, 3% 
acetonitrile and supplemented with Hi3 internal peptide standards (Waters) at a final 
concentration of 12.5 fmol/μL for quantitation. 
Liquid Chromatography-Mass Spectrometry 
Generated tryptic peptides were separated on a 1.7 μm BEH130 100 μm × 100 mm 
reverse phase column (Waters) at a flow rate of 0.3 μL/min using a nanoAcquity UPLC 
system (Waters). Mobile phase A consisted of 0.1% formic acid in H2O and mobile phase 
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B consisted of acetonitrile with 0.1% formic acid. From a 5 μL sample loop, 4 μL was 
injected onto a 180 μm × 20 mm C18 pre-column trap for 3 min at 5.0 μL/min. Peptides 
were then separated on a 120 min gradient (3– 25% B for 70 min, 25–50% B for 20 min, 
50–85% B for 9 min, 85–3% for 2 min, 3% B for 20 min) and electrosprayed into a 
SYNAPT G2-Si mass spectrometer (Waters). The mass spectrometer was operated in data 
independent acquisition mode employing ion mobility separation (HDMSE ) alternating 
between low energy (4 eV) and high energy (20–45 eV) scans in positive resolution mode 
scanning from 50 to 2000 m/z with a scan rate of 0.6 s. [Glu1]-fibrinopeptide B (50 
fmol/μL) was used as the lock mass external calibrant. Cone voltage was set to 30 V, and 
the capillary voltage was set at 3 kV. MassLynx (version 4.1) was used to collect the data. 
The raw data have been deposited to the ProteomeXchange Consortium via the PRIDE 
partner repository with the dataset identifier PXD005533. 
Processing was performed using Progenesis QI (Nonlinear Dynamics) for peptide 
identification analysis and a teleost subset of the NCBI database (the teleost database 
consisted of 1,000,974 proteins and was downloaded on October 10, 2014). The following 
processing parameters were used: low energy noise reduction thresholds-135, high-energy 
threshold-30, and intensity threshold-750, with data lock mass corrected post acquisition. 
Search parameters included a maximum protein mass of 250 kDa, a minimum of two 
matched peptides per protein, a minimum of seven fragment ion matches per protein, a 
minimum of three fragment ion matches per peptide, a maximum of two missed cleavages 
(trypsin). The false-discovery rate was estimated to be below 1% using a decoy database. 
Variable modifications for carbamidomethylated cysteine and oxidation of methionine 
were specified. Three technical replicates for each of the five biological replicates were 
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analyzed per tactic (30 total measurements). Quantitation was determined using the three 
most abundant peptides per protein (including the internal standard) and normalized using 
the Progenesis QI software. The normalization processing utilized a reference 
chromatography run and spiked Hi3 internal standard peptides (50 fmol on column) to 
convert raw abundance values to absolute measurements (fmol on column) [26]. 
Statistical Analysis and Bioinformatics 
Differences in protein abundance was determined by excluding proteins identified 
with less than three matched peptide products and with an ANOVA score (p-value) < 0.05. 
A Student's t-test was performed comparing the average amount of protein (fmol) from the 
five biological replicates of hooknose and jack males. Protein values for each biological 
replicate were obtained by calculating the average protein abundance from each 
corresponding technical replicate (in triplicate). The p-values obtained were corrected for 
false-discovery by applying the BenjaminiHochberg method of analysis to produce a 
corrected t-test value (q value) [27]. All q-values < 0.05 were considered significant and 
protein abundance ratios >1.5 were considered significant. A Volcano-plot was constructed 
by using the “ggplot2” package on “R” statistical software by plotting the log2fold change 
(x-axis) in relation to the −Log10 p-value (y-axis) [28,29]. Gene ontology was assigned to 
the identified seminal plasma proteins by sequence alignment using BLAST+ (Version 
2.2.30) against the Human Uniprot/SwissProt database. The protein accession numbers 
obtained from the BLAST+ analysis were uploaded onto UniprotKB to map gene ontology. 
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Immunoblot Analysis 
For immunoblots assays, 10 μg of seminal plasma protein from selected biological 
specimens were loaded onto 12% SDS/PAGE gels. Alternatively, 25 μg of pooled seminal 
plasma from jack and hooknose samples was subjected to exosome isolation using the Total 
Exosome Isolation Kit (Invitrogen) according to the manufacturer's instructions. Following 
SDS/PAGE analysis, the samples were electrotransferred onto PVDF membranes and 
incubated for 1 h at room temperature with a cross reacting rabbit lactate dehydrogenase 
(LDH) antibody raised against LDH from Toxoplasma gondi (kind gift from Dr. Sirinart 
Ananvoranich) at a 1:5000 dilution in 2.5% dry milk (v/v)/TBST (20 mM Tris Base, 140 
mM NaCl, 0.1% Tween 20, pH = 7.6) or a cross reacting rabbit pan 14-3-3 antibody raised 
against human 14-3-3 (Santa Cruz Biolabs) at a 1:5000 dilution in 2.5% dry milk/TBST 
and anti-rabbit HRP (Biorad) at a 1:5000 dilution made with 2.5% milk/ TBST at room 
temperature for 45 min. Proteins were visualized using Super Signal West Femto Reagent 
(Thermo Scientific). 
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3.3 – RESULTS AND DISCUSSION 
 
Identification of Hooknose and Jack Seminal Plasma Proteins by Data Independent 
Ion Mobility Mass Spectrometry 
To better characterize the seminal plasma protein profiles of hooknose and jack 
Chinook salmon males, a cross-species proteomics and bioinformatics workflow was 
utilized [Figure 3.1]. Ten sexually mature biological specimens (five jack males and five 
hooknose males) were collected from the field and the milt was isolated. It is important to 
note that jack males sexually mature one year earlier than hooknose males [8–11]. 
Moreover, during fertilization competition, a younger jack male will generally be 
competing with an older hooknose male (younger in terms of age, but equal in terms of 
sexual maturity). Thus, although we cannot rule out contributions of age to differences in 
the seminal plasma proteome, it was imperative to compare the seminal plasma proteome 
at the stage of equal sexual maturity for the purpose of investigating protein factors 
contributing to fertilization competition. 
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Figure 3.1- Schematic workflow of seminal plasma sample preparation and proteomic analysis. 
Seminal plasma was extracted from milt by centrifugation, and proteins were prepared for mass 
spectrometry analysis using RapiGest solubilization and in-solution trypsin digestion (Steps 1–5). 
Label-free internal standards (Hi3) were added to each sample for absolute quantitation (Step 6). 
Samples were analyzed by UPLC ion mobility data-independent mass spectrometry (Step 7) and 
the data was processed using Progenesis-QI (Step 8). Statistical analysis was performed to 
determine significant differences in protein abundance (Step 8). 
 
 
 
 
 
mass corrected post acquisition. Search parameters included a maxi-
mum protein mass of 250 kDa, a minimum of two matched peptides
per protein, a minimum of seven fragment ion matches per protein, a
minimum of three fragment ion matches per peptide, a maximum of
two missed cleavages (trypsin). The false-discovery rate was estimated
to be below1%using a decoy database. Variablemodi!cations for carba-
midomethylated cysteine and oxidation of methionine were speci!ed.
Three technical replicates for each of the !ve biological replicates
were analyzed per tactic (30 totalmeasurements). Quantitationwas de-
termined using the three most abundant peptides per protein (includ-
ing the internal standard) and normalized using the Progenesis QI
software. The normalization processing utilized a reference chromatog-
raphy run and spiked Hi3 internal standard peptides (50 fmol on col-
umn) to convert raw abundance values to absolute measurements
(fmol on column) [26].
2.4. Statistical analysis and bioinformatics
Differences in protein abundancewas determined by excluding pro-
teins identi!edwith less than threematched peptide products andwith
anANOVA score (p-value) N0.05. A Student's t-testwasperformed com-
paring the average amount of protein (fmol) from the !ve biological
replicates of hooknose and jackmales. Protein values for each biological
replicate were obtained by calculating the average protein abundance
from each corresponding technical replicate (in triplicate). The p-values
obtained were corrected for false-discovery by applying the Benjamini-
Hochberg method of analysis to produce a corrected t-test value (q
value) [27]. All q-values b0.05 were considered signi!cant and protein
abundance ratios N1.5 were considered signi!cant. A Volcano-plot
was constructed by using the “ggplot2” package on “R” statistical soft-
ware by plotting the log2fold change (x-axis) in relation to the
!Log10 p-value (y-axis) [28,29]. Gene ontology was assigned to the
identi!ed seminal plasma proteins by sequence alignment using
BLAST+ (Version 2.2.30) against the Human Uniprot/SwissProt data-
base. The protein accession numbers obtained from the BLAST+ analy-
sis were uploaded onto UniprotKB to map gene ontology.
2.5. Immunoblot analysis
For immunoblots assays, 10 !g of seminal plasma protein from se-
lected biological specimenswere loaded onto 12% SDS/PAGE g ls. Alter-
natively, 25 !g of pooled seminal plasma from jack an hooknose
samples was subjected to exosome isolation using the Total Exosome
Isolation Kit (Invitrogen) according to the manufacturer's instructions.
Following SDS/PAGE analysis, the samples were electrotransferred
onto PVDF membranes and incubated for 1 h at room temperature
with a cross reacting rabbit lactate dehydrogenase (LDH) antibody
raised against LDH from Toxoplasma gondi (kind gift from Dr. Sirinart
Ananvoranich) at a 1:5000 dilution in 2.5% dry milk (v/v)/TBST
(20 mM Tris Base, 140 mM NaCl, 0.1% Tween 20, pH = 7.6) or a cross
reacting rabbit pan 14-3-3 antibody raised against human 14-3-3
(Santa Cruz Biolabs) at a 1:5000 dilution in 2.5% dry milk/TBST and
anti-rabbit HRP (Biorad) at a 1:5000 dilution made with 2.5% milk/
TBST at room temperature for 45 min. Proteins were visualized using
Super Signal West Femto Reagent (Thermo Scienti!c).
3. Results and discussion
3.1. Identi!cation of hooknose and jack seminal plasma proteins by data in-
dependent ion mobility mass spectrometry
To better characterize the seminal plasma protein pro!les of
hooknose and jack Chinook salmon males, a cross-species proteomics
and bioinformatics work"ow was utilized (Fig. 1). Ten sexually mature
biological specimens (!ve jack males and !ve hooknose males) were
collected from the !eld and the milt was isolated. It is important to
note that jack males sexually mature one year earlier than hooknose
males [8–11]. Moreover, during fertilization competition, a younger
jack male will generally be competing with an older hooknose male
(younger in terms of age, but equal in terms of sexual maturity). Thus,
although we cannot rule out contributions of age to differences in the
seminal plasma proteome, it was imperative to compare the seminal
plasma proteome at the stage of equal sexual maturity for the purpose
of investigating protein factors contributing to fertilization competition.
Seminal plasma was isolated and processed for mass spectrometry
analysis (see “Materials and Methods” for details). Furthermore, syn-
thetically prepared internal standards based on peptide sequences
found in the E. coli protein ClpB (Hi3) were added to all biological repli-
cates for absolute quantitative analysis. Protein identi!cation was ac-
complished using data independent tandem mass spectrometry (LC-
MSE). To increase the number of unique proteins identi!ed and increase
protein sequence coverage, ion mobility separation of the peptides was
performed using the traveling wave function of the SYNAPT G2-Si sys-
tem located between the quadrupole and time of "ight cell. Preliminary
scout runs determined that incorporating ionmobility separation in the
work"ow increased the number of proteins identi!ed by ~40% (data not
shown) demonstrating the signi!cant improvement in proteome cover-
agewhen ionmobility separation is employed as reported by other pro-
teomic studies employing ionmobility separation [18,30]. In total, three
Fig. 1. Schematicwork"owof seminal plasma sample preparation and proteomic analysis.
Seminal plasmawas extracted frommilt by centrifugation, and proteinswere prepared for
mass spectrometry analysis using RapiGest solubilization and in-solution trypsindigestion
(Steps 1–5). Lab l-free internal standards (Hi3) were added to each sam le for absolute
quantitation (Step 6). Samples were analyzed by UPLC ion-mobility data-independent
mass spectrometry (Step 7) and the data was processed using Progenesis-QI (Step 8).
Statistical analysis was performed to determine signi!cant differences in protein
abundance (Step 8).
3R. Gombar et al. / Journal of Proteomics 157 (2017) 1–9
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Seminal plasma was isolated and processed for mass spectrometry analysis (see 
“Materials and Methods” for details). Furthermore, synthetically prepared internal 
standards based on peptide sequences found in the E. coli protein ClpB (Hi3) were added 
to all biological replicates for absolute quantitative analysis. Protein identification was 
accomplished using data independent tandem mass spectrometry (LCMSE ). To increase 
the number of unique proteins identified and increase protein sequence coverage, ion 
mobility separation of the peptides was performed using the traveling wave function of the 
SYNAPT G2-Si system located between the quadrupole and time of flight cell. Preliminary 
scout runs determined that incorporating ion mobility separation in the workflow increased 
the number of proteins identified by ~40% (data not shown) demonstrating the significant 
improvement in proteome coverage when ion mobility separation is employed as reported 
by other proteomic studies employing ion mobility separation [18,30]. In total, three 
technical replicates were analyzed for each of the ten biological replicates (five from 
hooknose and five from jack males). 
The Chinook salmon genome is poorly annotated [31] with available protein 
databases having <900 putative protein sequences for proteomic analysis. With the 
knowledge that conservation between closely related organisms increases the probability 
of identification in poorly characterized species [32–34], the teleost (bony fish) database 
was utilized for protein identification. Whole sequence protein alignments resolved 
conflicts and filtered out protein redundancy, while BLAST analysis assigned protein 
identification to predicted proteins [Table S3.1]. After eliminating proteins identified by 
one or two peptides and proteins not detected in all thirty technical replicates, our analysis 
yielded 345 total proteins found in Chinook salmon seminal plasma [Tables S3.1 and 
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S3.2]. Furthermore, the addition of Hi3 internal standards to all of the biological replicates 
allowed for label-free quantitation of identified proteins using the Progenesis QI software 
package [16,35]. Analysis of relative abundance and calculated on-column peptide levels 
(fmol) revealed a dynamic range that spanned 4 orders of magnitude, although the majority 
of proteins were within a dynamic range of 3 orders of magnitude (0.1–500 fmol on 
column) [Figure 3.2]. At the high end of the dynamic range were well-characterized 
seminal plasma proteins such as transferrin, albumin-2, and alkaline phosphatase while at 
the low end of the dynamic range were known seminal plasma proteins DJ-1 and 
ceruloplasmin [36]. Collectively, LC-MSE using ion mobility separation yielded the first 
described proteomic data set for Chinook salmon seminal plasma, and to our knowledge, 
the largest seminal plasma proteome reported for teleost fish. 
 
 
 
 
 
 
 
Figure 3.2 - The dynamic range of on-column protein abundance identified from Hooknose and 
Jack seminal plasma. The distribution of proteins (y-axis) within a range of on-column protein 
abundances in fmol (x-axis) for both hooknose and jack males. Grey bars represent hooknose 
proteins and black bars represent jack proteins. 
technical replicates were analyzed for each of the ten biological repli-
cates (!ve from hooknose and !ve from jack males).
The Chinook salmon genome is poorly annotated [31] with available
protein databases having b900 putative protein sequences for proteo-
mic analysis.With the knowledge that conservation between closely re-
lated organisms increases the probability of identi!cation in poorly
characterized species [32–34], the teleost (bony !sh) database was uti-
lized for protein identi!cation. Whole sequence protein alignments re-
solved con"icts and !ltered out protein redundancy, while BLAST
analysis assigned protein identi!cation to predicted proteins (Table
S1). After eliminating proteins identi!ed by one or two peptides and
proteins not detected in all thirty technical replicates, our analysis
yielded 345 total proteins found in Chinook salmon seminal plasma (Ta-
bles S1 and S2). Furthermore, the addition of Hi3 i ternal standards to
all of the biological replicates allowed for label-free quantitation of iden-
ti!ed proteins using the Progenesis QI software package [16,35]. Analy-
sis of relative abundance and calculated on-column peptide levels
(fmol) revealed a dynamic range that spanned 4 orders of magnitude,
although the majority of proteins were within a dynamic range of 3 or-
ders of magnitude (0.1–500 fmol on column) (Fig. 2). At the high end of
the dynamic range were well-characterized seminal plasma proteins
such as transferrin, albumin-2, and alkaline phosphatase while at the
low end of the dynamic range were known seminal plasma proteins
DJ-1 and ceruloplasmin [36]. Collectively, LC-MSE using ion mobility
separation yielded the !rst described proteomic data set for Chinook
salmon seminal plasma, and to our knowledge, the largest seminal plas-
ma proteome reported for teleost !sh.
3.2. Seminal plasma proteins identi!ed in hooknose and jack Chinook salm-
on males
Gene Ontology (GO) bioinformatic analysis provides an overview of
the dominant functional traits of isolated proteomes. Of the 345 pro-
teins identi!ed that were common in the seminal plasma "uid of both
Chinook male species, 269 (78%) were successfully mapped to a GO
(Fig. 3). For the biological process category, metabolism and cellular
regulation/signaling are most represented in the proteome (Fig. 3A).
With regards to molecular function, the predominant gene function ac-
tivities represented in the Chinook seminal"uid are binding activity and
catalytic activity (Fig. 3B). A similar GO pro!le was observed in the
closely related rainbow trout seminal plasma [37] and carp seminal
plasma proteome studies [38], providing a level of validation for the
identi!ed proteins. GO analysis of our !ndings further supports the no-
tion that the principle components of teleost seminal "uid consists of
immunomodulators and redox regulators for spermatozoa survival,
metabolic factors for energy requirements during fertilization, and pro-
teolytic enzymes/inhibitors for temp ral regulati n of these processes
(Figs. 4, Table S1).
In addition to a common gene ontology pro!le, most of the speci!c
proteins identi!ed in previous !sh seminal plasma proteomic studies
from rainbow trout [37] and carp [38]were also identi!ed in our dataset
(Table S1). For instance, several members of the complement
Fig. 2. The dynamic range of on-column protein abundance identi!ed from Hooknose and Jack seminal plasma. The distribution of proteins (y-axis) within a range of on-column protein
abundances in fmol (x-axis) for both hooknose and jack males. Grey bars represent hooknose proteins and black bars represent jack proteins.
A
B
Fig. 3. Gene ontology of seminal plasma proteins identi!ed in Chinook salmon
(Oncorhynchus tswatchysha) jack and hooknose seminal plasma. A) Gene ontology
mapped for seminal plasma proteins in relation to biological process. B) Gene ontology
mapped for seminal plasma proteins in relation to molecular function. Gene ontology
terms are shown in adjacent legend with corresponding number of matching proteins.
4 R. Gombar et al. / Journal of Proteomics 157 (2017) 1–9
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Seminal Plasma Proteins Identified in Hooknose and Jack Chinook Salmon Males 
 
Gene Ontology (GO) bioinformatic analysis provides an overview of the dominant 
functional traits of isolated proteomes. Of the 345 proteins identified that were common in 
the seminal plasma fluid of both Chinook male species, 269 (78%) were successfully 
mapped to a GO [Figure 3.3]. For the biological process category, metabolism and cellular 
regulation/signaling are most represented in the proteome [Figure 3.3A]. With regards to 
molecular function, the predominant gene function activities represented in the Chinook 
seminal fluid are binding activity and catalytic activity [Figure 3.3B]. A similar GO profile 
was observed in the closely related rainbow trout seminal plasma [37] and carp seminal 
plasma proteome studies [38], providing a level of validation for the identified proteins. 
GO analysis of our findings further supports the notion that the principle components of 
teleost seminal fluid consists of immunomodulators and redox regulators for spermatozoa 
survival, metabolic factors for energy requirements during fertilization, and proteolytic 
enzymes/inhibitors for temporal regulation of these processes [Figure 3.4, Table S3.1]. 
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Figure 3.3 - Gene ontology of seminal plasma proteins identified in Chinook salmon 
(Oncorhynchus tswatchysha) jack and hooknose seminal plasma. A) Gene ontology mapped for 
seminal plasma proteins in relation to biological process. B) Gene ontology mapped for seminal 
plasma proteins in relation to molecular function. Gene ontology terms are shown in adjacent 
legend with corresponding number of matching proteins 
 
 
 
 
 
 
technical replicates were analyzed for each of the ten biological repli-
cates (!ve from hooknose and !ve from jack males).
The Chinook salmon genome is poorly annotated [31] with available
protein databases having b900 putative protein sequences for proteo-
mic analysis.With the knowledge that conservation between closely re-
lated organisms increases the probability of identi!cation in poorly
characterized species [32–34], the teleost (bony !sh) database was uti-
lized for protein identi!cation. Whole sequence protein alignments re-
solved con"icts and !ltered out protein redundancy, while BLAST
analysis assigned protein identi!cation to predicted proteins (Table
S1). After eliminating proteins identi!ed by one or two peptides and
proteins not detected in all thirty technical replicates, our analysis
yielded 345 total proteins found in Chinook salmon seminal plasma (Ta-
bles S1 and S2). Furthermore, the addition of Hi3 internal standards to
all of the biological replicates allowed for label-free quantitation of iden-
ti!ed proteins using the Progenesis QI software package [16,35]. Analy-
sis of relative abundance and calculated on-column peptide levels
(fmol) revealed a dynamic range that spanned 4 orders of magnitude,
although the majority of proteins were within a dynamic range of 3 or-
ders of magnitude (0.1–500 fmol on column) (Fig. 2). At the high end of
the dynamic range were well-characterized seminal plasma proteins
such as transferrin, albumin-2, and alkaline phosphatase while at the
low end of the dynamic range were known seminal plasma proteins
DJ-1 and ceruloplasmin [36]. Collectively, LC-MSE using ion mobility
separation yielded the !rst described proteomic data set for Chinook
salmon seminal plasma, and to our knowledge, the largest seminal plas-
ma proteome reported for teleost !sh.
3.2. Seminal plasma proteins identi!ed in hooknose and jack Chinook salm-
on males
Gene Ontology (GO) bioinformatic analysis provides an overview of
the dominant functional traits of isolated proteomes. Of the 345 pro-
teins identi!ed that were common in the seminal plasma "uid of both
Chinook male species, 269 (78%) were successfully mapped to a GO
(Fig. 3). For the biological process category, metabolism and cellular
regulation/signaling are most represented in the proteome (Fig. 3A).
With regards to molecular function, the predominant gene function ac-
tivities represented in the Chinook seminal"uid are binding activity and
catalytic activity (Fig. 3B). A similar GO pro!le was observed in the
closely related rainbow trout seminal plas a [37] and carp seminal
plasma proteome studies [38], providing a level of validation for the
identi!ed proteins. GO analysis of our !ndings further supports the no-
tion that the principle components of teleost seminal "uid consists of
immunomodulators and redox regulators for spermatozoa survival,
metabolic factors for energy requirements during fertilization, and pro-
teolytic enzymes/inhibitors for temporal regulation of these processes
(Figs. 4, Table S1).
In addition to a common gene ontology pro!le, most of the speci!c
proteins identi!ed in previous !sh seminal plasma proteomic studies
from rainbow trout [37] and carp [38]were also identi!ed in our dataset
(Table S1). For instance, several members of the complement
Fig. 2. The dynamic range of on-column protein abundance identi!ed from Hooknose and Jack seminal plasma. The distribution of proteins (y-axis) within a range of on-column protein
abundances in fmol (x-axis) for both hooknose and jack males. Grey bars represent hooknose proteins and black bars represent jack proteins.
A
B
Fig. 3. Gene ontology of seminal plasma proteins identi!ed in Chinook salmon
(Oncorhynchus tswatchysha) jack and hooknose seminal plasma. A) Gene ontology
mapped for seminal plasma proteins in relation to biological process. B) Gene ontology
mapped for seminal plasma proteins in relation to molecular function. Gene ontology
terms are shown in adjacent legend with corresponding number of matching proteins.
4 R. Gombar et al. / Journal of Proteomics 157 (2017) 1–9
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Figure 3.4 - Representative seminal plasma proteins identified in Chinook salmon. Identified 
proteins of interest were categorized under biological processes known to be critical for seminal 
plasma biology. Highlighted in bold are proteins whose protein abundances were observed to be 
statistically significant (Fig. 3.7). 
 
 
 
 
 
 
 
 
component family (C3, C3–3, C3–4, C6, C8!, C8" and C9) were identi-
!ed. These proteins have a well-characterized role in the innate im-
mune response [39] and may possibly be associated with sperm
competition [39,40]. Apolipoproteins (AI, AII, AIV, E and F) involved in
lipid transport, metabolism, as well as the immune response [41] were
also identi!ed in our study, consistent with past !sh seminal plasma
proteomic studies [37,38].
3.3. Potential Chinook salmon biomarkers relevant to sperm !tness
In addition to the complement of proteins reported in previous tele-
ost studies, the present proteomic work also identi!ed novel teleost
seminal plasma proteins, including certain proteins that may be suited
to serve as biomarkers related to sperm quality (Table S1). One example
is the identi!cation of inhibin, which is novel for !sh seminal "uid, but
has been identi!ed in human seminal plasma [36]. Inhibin is an endo-
crine factor that appears to regulate hormone homeostasis for female
andmale reproductive organs, and has been proposed to be a biomarker
of spermatogenesis [42,43]. Another example is the protease inhibitor
alpha-2-microglobulin (!2M) [44,45], discovered in the seminal plas-
ma of both tactics (Fig. 4, and Table S1). !2M has been proposed to
serve as a biomarker for human sperm quality as increasing concentra-
tions of !2M have been correlated to progressive forwardmotility [46].
!2Mhas a broad speci!city of protease targets and thus affects a diverse
range of cellular processes [47]. Interestingly, the aforementioned pro-
tein inhibin, is a known binding partner of !2M [48]. The levels and ac-
tivities of inhibin and !2M in Chinook salmon warrant further
exploration to determine their suitability as a biomarker for spermato-
zoa !tness.
Orthologues of many of the proteins identi!ed in our study have
been associated with extracellular vesicles called exosomes (Fig. 4).
Most cell types secrete exosomes, and are found in a variety of bodily
"uids including seminal plasma [49]. Exosomes are emerging as power-
ful biomarkers for use in diagnostic and prognostic analysis of a variety
of human disorders [49–54].With regards to seminal plasma, exosomes
have been shown to play an immunosuppressive role in protecting
spermatozoa from themale immune system [53,54]. Furthermore, sem-
inal exosomes are thought to deliver protein cargo and other biomole-
cules to the spermatozoa to facilitate fertilization [55–57]. In our data
set, both tactics possessed proteins implicated in regulating the export
of exosomes, such as rab11 family interacting protein [49,58], and a va-
riety of proteins previously described as exosome cargo (Fig. 4). Most
notably, immunosuppressive proteins CD59, and galectin-3 binding
protein were identi!ed and have been shown in other species to reside
in exosomes [59–61]. The levels of these and other exosome cargo may
be useful indicators of sperm fertilization !tness for both Chinook male
tactics.
3.4. Quantitative protein differences in the seminal plasma of individual
tactics of Chinook salmon
Amajor objective of our studywas to elucidate differences in protein
levels between hooknose and jack seminal plasma as a means to better
understand tactic speci!c reproductive !tness. Proteins identi!ed in all
technical and biological replicates were considered for label free quan-
titative analysis and statistically signi!cant protein differences were de-
termined (see “Materials and Methods” for details). A volcano plot
displaying normalized log2 protein abundance ratio against statistical
signi!cance measurements (! log10 q value) is shown in Fig. 5. Overall
we observed 29 proteins with statistically signi!cant protein level dif-
ferences and calculated abundance ratios of at least 1.5 (Fig. 5 and
Table S1) [62,63]. GO analysis of these altered proteins revealed a simi-
lar GO distribution between the tactics and did not deviate signi!cantly
from the predominant molecular functions and biological processes of
the proteins that are common between hooknose and jack males (Fig.
6). This suggests that the seminal plasmas of hooknose and jack males
generally are functionally equivalent in terms of protein classi!cations.
However, attention to the speci!c protein differences suggests mecha-
nistic and functional diversity between the tactics, including proteins
regulating hormonal transport, ATP metabolism, redox regulation, and
Fig. 4. Representative seminal plasma proteins identi!ed in Chinook salmon. Identi!ed proteins of interest were categorized under biological processes known to be critical for seminal
plasma biology. Highlighted in bold are proteins whose protein abundances were observed to be statistically signi!cant (Fig. 7).
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In addition to a common gene ontology profile, most of the specific proteins 
identified in previous fish seminal plasma proteomic studies from rainbow trout [37] and 
carp [38] were also identified in our dataset [Table S3.1]. For instance, several members 
of the complement component family (C3, C3–3, C3–4, C6, C8α, C8β and C9) were 
identified. These proteins have a well-characterized role in the innate immune response 
[39] and may possibly be associated with sperm competition [39,40]. Apolipoproteins (AI, 
AII, AIV, E and F) involved in lipid transport, metabolism, as well as the immune response 
[41] were also identified in our study, consistent with past fish seminal plasma proteomic 
studies [37,38]. 
Potential Chinook Salmon Biomarkers Relevant to Sperm Fitness 
In addition to the complement of proteins reported in previous teleost studies, the 
present proteomic work also identified novel teleost seminal plasma proteins, including 
certain proteins that may be suited to serve as biomarkers related to sperm quality [Table 
S3.1]. One example is the identification of inhibin, which is novel for fish seminal fluid, 
but has been identified in human seminal plasma [36]. Inhibin is an endocrine factor that 
appears to regulate hormone homeostasis for female and male reproductive organs and has 
been proposed to be a biomarker of spermatogenesis [42,43]. Another example is the 
protease inhibitor alpha-2-microglobulin (α2M) [44,45], discovered in the seminal plasma 
of both tactics [Figure 3.4, and Table S3.1]. α2M has been proposed to serve as a 
biomarker for human sperm quality as increasing concentrations of α2M have been 
correlated to progressive forward motility [46]. α2M has a broad specificity of protease 
targets and thus affects a diverse range of cellular processes [47]. Interestingly, the 
aforementioned protein inhibin, is a known binding partner of α2M [48]. The levels and 
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activities of inhibin and α2M in Chinook salmon warrant further exploration to determine 
their suitability as a biomarker for spermatozoa fitness. 
Orthologues of many of the proteins identified in our study have been associated 
with extracellular vesicles called exosomes [Figure 3.4]. Most cell types secrete exosomes 
and are found in a variety of bodily fluids including seminal plasma [49]. Exosomes are 
emerging as powerful biomarkers for use in diagnostic and prognostic analysis of a variety 
of human disorders [49–54]. With regards to seminal plasma, exosomes have been shown 
to play an immunosuppressive role in protecting spermatozoa from the male immune 
system [53,54]. Furthermore, seminal exosomes are thought to deliver protein cargo and 
other biomolecules to the spermatozoa to facilitate fertilization [55–57]. In our data set, 
both tactics possessed proteins implicated in regulating the export of exosomes, such as 
rab11 family interacting protein [49,58], and a variety of proteins previously described as 
exosome cargo [Figure 3.4]. Most notably, immunosuppressive proteins CD59, and 
galectin-3 binding protein were identified and have been shown in other species to reside 
in exosomes [59–61]. The levels of these and other exosome cargo may be useful indicators 
of sperm fertilization fitness for both Chinook male tactics. 
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Quantitative Protein Differences in The Seminal Plasma of Individual Tactics of 
Chinook Salmon 
A major objective of our study was to elucidate differences in protein levels 
between hooknose and jack seminal plasma as a means to better understand tactic specific 
reproductive fitness. Proteins identified in all technical and biological replicates were 
considered for label free quantitative analysis and statistically significant protein 
differences were determined (see “Materials and Methods” for details). A volcano plot 
displaying normalized log2 protein abundance ratio against statistical significance 
measurements (−log10 q value) is shown in [Figure 3.5.] Overall, we observed 29 proteins 
with statistically significant protein level differences and calculated abundance ratios of at 
least 1.5 [Figure 3.5 and Table S3.1] [62,63]. GO analysis of these altered proteins 
revealed a similar GO distribution between the tactics and did not deviate significantly 
from the predominant molecular functions and biological processes of the proteins that are 
common between hooknose and jack males [Figure 3.6]. This suggests that the seminal 
plasmas of hooknose and jack males generally are functionally equivalent in terms of 
protein classifications. However, attention to the specific protein differences suggests 
mechanistic and functional diversity between the tactics, including proteins regulating 
hormonal transport, ATP metabolism, redox regulation, and proteolysis [Figure 3.7, and 
Table 3.1]. For example, sex hormone binding globulin (SHBG) was found at significantly 
higher levels in jack males than in hooknose males [Figure 3.7, and Table 3.1]. SHBG is 
a well-characterized steroid hormone transporter that regulates androgen/estrogen 
availability to target tissues [64]. Furthermore, the steroid hormone targets for SHBG are 
known modulators for spermatogenesis, spermatozoa maturation, and motility acting 
through non-genomic mechanisms [65, 66]. Therefore, higher amounts of SHBG in jack 
 
65 
 
males suggest a greater capacity for hormone-mediated effects in the seminal plasma of 
this tactic. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5 - Volcano plot depicting differentially abundant seminal plasma proteins between 
hooknose and jack males. The volcano plot shows −log10 corrected t-test values (q- value) plotted 
against log2 fold change (x-axis). Data points above horizontal dashed line (q values below 0.05) 
and to the left and right of the vertical dashed lines (abundance ratios above 1.5) represent proteins 
with statistically significant abundance differences (highlighted in blue). 
 
 
 
 
proteolysis (Fig. 7, and Table 1). For example, sex hormone binding
globulin (SHBG) was found at signi!cantly higher levels in jack males
than in hooknose males (Fig. 7, and Table 1). SHBG is a well-character-
ized steroid hormone transporter that regulates androgen/estrogen
availability to target tissues [64]. Furthermore, the steroid hormone tar-
gets for SHBG are knownmodulators for spermatogenesis, spermatozoa
maturation, andmotility acting through non-genomic mechanisms [65,
66]. Therefore, higher amounts of SHBG in jack males suggest a greater
capacity for hormone-mediated effects in the seminal plasma of this
tactic.
Another intriguing !ndingwas the observed increase in the enzyme
cGMP-inhibited 3!,5!-cyclic phosphodiesterase (PDE) in the jack males.
PDE catalyzes the hydrolysis of cAMP, a potent second messenger that
regulates numerous spermatozoa related activities such as motility
and capacitation [67,68]. Extracellular PDE is widely reported in litera-
ture and has also been characterized in the seminal plasma of numerous
organisms [69,70]. The difference in PDE levels between the tactics in-
sinuates that hooknose males, by virtue of having lower levels of PDE,
may exhibit more prominent cAMP signaling than jack males.
In addition to factors affecting cAMP activities, levels of enzymes
regulating additional metabolic compounds were found to be different
between hooknose and jack males. Interestingly, the nucleotide
converting enzyme adenylate kinase (AK) was detected at a two-fold
higher level in hooknosemales (Fig. 7, and Table 1). AK catalyzes the re-
versible reaction of ATP + AMP= 2ADP and thus represents an impor-
tant mediator of bioenergetic sensing [71]. AK is detected in
extracellular "uids, including seminal plasma [72,73], and has been re-
ported tomediate ATP shuttling to ATPases residing in the spermatozo-
on tail, facilitating motility [74].
One of themost prominent protein differenceswas a two-fold abun-
dance ratio increase in lactate dehydrogenase (LDH) in jack males (Fig.
7A, and Table 1). In er stingly, wewere able to validate the quantitative
proteomic data by immunoblot analysis using a cross reacting LDH an-
tibody (Fig. 7B). Overall, we observed higher amounts of LDH in jack
males compared to hooknose males, although one hooknose individual
(H113) displayed elevated LDH levels by immunoblot analysis and
quantitative proteomics. Furthermore, as LDH has been characterized
to be a component in seminal plasma exosomes [56], we isolated
exosomes from pooled seminal plasma and observed higher levels of
LDH from jackmales compared to hooknosemales (Fig. 7C). As a control
we also probed for 14-3-3 using a pan 14-3-3 antibody. This protein is a
known exosome protein [51–52] andwas found to be equally abundant
in our proteomic analysis as well as in our isolated exosome samples
(Fig. 7C). It has been proposed in several species that spermatozoa can
utilize lactate found in the seminal plasma as an energy source, whereby
LDH in the seminal plasma converts lactate to pyruvate and NADH that
is subsequently transported into the sperm'smitochondria for oxidative
phosphorylation and ATP production [75]. This metabolic system is crit-
ical for meeting the energy demands of motile spermatozoa and thus is
a contributing factor for producing high quality sperm [76]. Further-
more, this !nding is consistent with past studies that have predicted
jack males to participate in sperm competition by the so-called “loaded
raf"e”mechanism, whereby sneaker males (jacks) possess higher qual-
ity spermatozoa in order to compete for reproductive success [10]. Thus,
further detailedmechanistic studieswill be important to examine if jack
males utilize higher levels of LDH in their seminal plasma to provide
their spermatozoa a metabolic advantage over hooknose spermatozoa.
A notable class of proteins identi!ed in the Chinook salmon seminal
plasma of both tactics was those that participate in oxidative stress re-
sistance such as thioredoxin, peroxiredoxin, glutathione transferase,
and DJ-1 (Table S1). Oxidative insults from reactive oxygen species
(ROS) during the shift from hypoxic to normoxic conditions during ex-
ternal fertilization can be detrimental to spermatozoa cells [77]. Thus,
up-regulation of antioxidant factors enhances sperm viability by in-
creasing survival towards oxygen radicals. ROS have also been shown
to have a degradative effect on spermatozoa performance such asmotil-
ity, but help enhance immune function and increase capacitation in
humans [78]. Strikingly, our study found superoxide dismutase (Zn/Cu
SOD) levels to be greater than two-fold higher in hooknose males (Fig.
7A, and Table 1). SOD levels in seminal plasma have been shown to cor-
relate to ROS tolerance, protecting spermatozoa from oxidative damage
[79]. However, recently reports have demonstrated that SOD activity in-
hibits spermatozoa capacitation by eliminating localized superoxide
Fig. 5. Volcano plot depicting differentially abundant seminal plasma proteins between
hooknose and jack males. The volcano plot shows ! log10 corrected t-test values (q-
value) plotted against log2 fold change (x-axis). Data points above horizontal dashed
line (q values below 0.05) and to the left and right of the vertical dashed lines
(abundance ratios above 1.5) represent proteins with statistically signi!cant abundance
differences (highlighted in blue).
A
B
Fig. 6. Gene Ontology for seminal plasma proteins differentially abundant in Chinook
salmon (Oncorhynchus tswatchysha) jack and hooknose seminal plasma. Gene ontology
for proteins whose levels were determined to be statistically signi!cant in jack and
hooknose seminal plasma in relation to molecular function (A) or biological process (B).
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Figure  3.6 - Gene Ontology for seminal plasma proteins differentially abundant in Chinook 
salmon (Oncorhynchus tswatchysha) jack and hooknose seminal plasma. Gene ontology for 
proteins whose levels were determined to be statistically significant in jack and hooknose seminal 
plasma in relation to molecular function (A) or biological process (B) 
 
 
 
 
 
 
 
 
 
proteolysis (Fig. 7, and Table 1). For example, sex hormone binding
globulin (SHBG) was found at signi!cantly higher levels in jack males
than in hooknose males (Fig. 7, and Table 1). SHBG is a well-character-
ized steroid hormone transporter that regulates androgen/estrogen
availability to target tissues [64]. Furthermore, the steroid hormone tar-
gets for SHBG are knownmodulators for spermatogenesis, spermatozoa
maturation, andmotility acting through non-genomic mechanisms [65,
66]. Therefore, higher amounts of SHBG in jack males suggest a greater
capacity for hormone-mediated effects in the seminal plasma of this
tactic.
Another intriguing !ndingwas the observed increase in the enzyme
cGMP-inhibited 3!,5!-cyclic phosphodiesterase (PDE) in the jack males.
PDE catalyzes the hydrolysis of cAMP, a potent second messenger that
regulates numerous spermatozoa related activities such as motility
and capacitation [67,68]. Extracellular PDE is widely reported in litera-
ture and has also been characterized in the seminal plasma of numerous
organisms [69,70]. The difference in PDE levels between the tactics in-
sinuates that hooknose males, by virtue of having lower levels of PDE,
may exhibit more prominent cAMP signaling than jack males.
In addition to factors affecting cAMP activities, levels of enzymes
regulating additional metabolic compounds were found to be different
between hooknose and jack males. Interestingly, the nucleotide
converting enzyme adenylate kinase (AK) was detected at a two-fold
higher level in hooknosemales (Fig. 7, and Table 1). AK catalyzes the re-
versible reaction of ATP + AMP= 2ADP and thus represents an impor-
tant mediator of bioenergetic sensing [71]. AK is detected in
extracellular "uids, including seminal plasma [72,73], and has been re-
ported tomediate ATP shuttling to ATPases residing in the spermatozo-
on tail, facilitating motility [74].
One of themost prominent protein differenceswas a two-fold abun-
dance ratio increase in lactate dehydrogenase (LDH) in jack males (Fig.
7A, and Table 1). Interestingly, wewere able to validate the quantitative
proteomic data by immunoblot analysis using a cross reacting LDH an-
tibody (Fig. 7B). Overall, we observed higher amounts of LDH in jack
males compared to hooknose males, although one hooknose individual
(H113) displayed elevated LDH levels by immunoblot analysis and
quantitative proteomics. Furthermore, as LDH has been characterized
to be a component in seminal plasma exosomes [56], we isolated
exosomes from pooled seminal plasma and observed higher levels of
LDH from jackmales compared to hooknosemales (Fig. 7C). As a control
we also probed for 14-3-3 using a pan 14-3-3 antibody. This protein is a
known exosome protein [51–52] andwas found to be equally abundant
in our proteomic analysis as well as in our isolated exosome samples
(Fig. 7C). It has been proposed in several species that spermatozoa can
utilize lactate found in the seminal plasma as an energy source, whereby
LDH in the seminal plasma converts lactate to pyruvate and NADH that
is subsequently transported into the sperm'smitochondria for oxidative
phosphorylation and ATP production [75]. This metabolic system is crit-
ical for meeting the energy demands of motile spermatozoa and thus is
a contributing factor for producing high quality sperm [76]. Further-
more, this !nding is consistent with past studies that have predicted
jack males to participate in sperm competition by the so-called “loaded
raf"e”mechanism, whereby sneaker males (jacks) possess higher qual-
ity spermatozoa in order to compete for reproductive success [10]. Thus,
further detailedmechanistic studieswill be important to examine if jack
males utilize higher levels of LDH in their seminal plasma to provide
their spermatozoa a metabolic advantage over hooknose spermatozoa.
A notable class of proteins identi!ed in the Chinook salmon seminal
plasma of both tactics was those that participate in oxidative stress re-
sistance such as thioredoxin, peroxiredoxin, glutathione transferase,
and DJ-1 (Table S1). Oxidative insults from reactive oxygen species
(ROS) during the shift from hypoxic to normoxic conditions during ex-
ternal fertilization can be detrimental to spermatozoa cells [77]. Thus,
up-regulation of antioxidant factors enhances sperm viability by in-
creasing survival towards oxygen radicals. ROS have also been shown
to have a degradative effect on spermatozoa performance such asmotil-
ity, but help enhance immune function and increase capacitation in
humans [78]. Strikingly, our study found superoxide dismutase (Zn/Cu
SOD) levels to be greater than two-fold higher in hooknose males (Fig.
7A, and Table 1). SOD levels in seminal plasma have been shown to cor-
relate to ROS tolerance, protecting spermatozoa from oxidative damage
[79]. However, recently reports have demonstrated that SOD activity in-
hibits spermatozoa capacitation by eliminating localized superoxide
Fig. 5. Volcano plot depicting differentially abundant seminal plasma proteins between
hooknose and jack males. The volcano plot shows ! log10 corrected t-test values (q-
value) plotted against log2 fold change (x-axis). Data points above horizontal dashed
line (q values below 0.05) and to the left and right of the vertical dashed lines
(abundance ratios above 1.5) represent proteins with statistically signi!cant abundance
differences (highlighted in blue).
A
B
Fig. 6. Gene Ontology for seminal plasma proteins differentially abundant in Chinook
salmon (Oncorhynchus tswatchysha) jack and hooknose seminal plasma. Gene ontology
for proteins whose levels were determined to be statistically signi!cant in jack and
hooknose seminal plasma in rel tion to molecular function (A) or biologica proces (B).
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Figure 3.7- Absolute quantitation of selected proteins from jack and hooknose seminal plasma. 
A) Protein abundances are shown as mean fmol (on-column) ± standard deviation (see Materials 
and Methods for details). All protein comparisons shown were statistically significant, p < 0.001. 
Individual statistical values are displayed in Table 3.1. Proteins shown are the following: Sex 
hormone binding globulin (SHBG), 3′′,5′′-cyclic phosphodiesterase (PDE), lactate dehydrogenase 
(LDH), adenylate kinase 1-1 (AK-1), superoxide dismutase (SOD), and E3 ubiquitin ligase KEG-
like (E3 KEG-like). B) Seminal plasma (10 μg) from individual biological specimens was analyzed 
by LDH immunoblotting using a cross reacting rabbit LDH antibody. The corresponding on-
column fmol amount determined by mass spectrometry for the individual biological specimens is 
shown. C) Isolated exosomes from 25 μg of pooled jack and hooknose seminal plasma were 
subjected to immunoblot analysis using anti-LDH and anti-14-3-3 antibodies 
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Fig. 7. Absolute quantitation of selected pr teins from jack and ho k ose seminal plasma. A) Protein abundances are shown as mean fmol (on-column) ± standard deviation (see
Materials and Methods for details). All protein comparisons shown were statistically signi!cant, p b 0.001. Individual statistical values are displayed in Table 1. Proteins shown are the
following: Sex hormone binding globulin (SHBG), 3!,5!-cyclic phosphodiesterase (PDE), lactate dehydrogenase (LDH), adenylate kinase 1-1 (AK-1), superoxide dismutase (SOD), and
E3 ubiquitin ligase KEG-like (E3 KEG-like). B) Seminal plasma (10 !g) from individual biological specimens was analyzed by LDH immunoblotting using a cross reacting rabbit LDH
antibody. The corresponding on-column fmol amount determined by mass spectrometry for the individual biological specimens is shown. C) Isolated exosomes from 25 !g of pooled
jack and hooknose sem nal plasma were subjected to immunoblot analysis using anti-LDH and anti-14-3-3 antib di s.
Table 1
Functional classi!cation of differentially abundant proteins between hooknose and jack males. Proteins whose abundance ratios N1.5 and had p-values and FDR adjusted q-values b0.05
were considered signi!cant. Proteins are organized by abundance ratios and which tactic contained the higher abundance; hooknose (upper panel), jack (lower panel).
Tactic p-Value q-Value % CV Fold change Protein description Protein function
Hook 1.44E-09 0.006025 1.74 2.4 Superoxide dismutase_P03946.2 Redox homeostasis
Hook 2.12E-06 0.041019 2.80 2.3 Adenylate kinase 1_ACH70899.1 ATP shuttling
Hook 2.38E-08 0.019191 4.79 2.2 Spidroin-1-like_XP_014065990.1 Extracellular matrix organization
Hook 1.23E-09 0.015444 2.12 2.1 RNA-binding motif protein_XP_014067707.1 Alternative splicing
Hook 1.67E-15 0.000319 3.76 2.1 E3 ubiquitin ligase KEG_XP_014062379.1 Protein ubiquitination/degradation
Hook 1.90E-05 0.034955 2.08 1.9 Creatine kinase B-type_EMP32891.1 ATP homeostasis
Hook 3.52E-11 0.001165 2.86 1.8 Apolipoprotein C-I_NP_001134834.1 Membrane stabilization
Hook 2.37E-11 0.001747 1.95 1.8 Lumican precursor_ACI33424.1 Extracellular matrix organization
Hook 9.36E-07 0.007213 1.06 1.7 Semaphorin-4F-like_XP_014065278.1 Regulation of cell migration
Hook 7.40E-10 0.000674 4.38 1.6 Transcription factor Sox-19a_XP_014051352.1 Transcription factor
Hook 1.75E-10 0.001586 1.65 1.6 Creatine kinase_P24722.1 ATP homeostasis
Hook 2.83E-06 0.026153 2.84 1.5 Proteasome subunit beta type 5_ACH85299.1 Protein degradation
Jack 4.20E-07 0.023216 11.82 2.9 Actin gamma_NP_001017750.1 Cell motility
Jack 4.11E-05 0.027859 4.22 2.2 Precerebellin protein_AAF04305.2 In"ammatory response
Jack 5.76E-07 0.01682 8.73 2.0 L-lactate dehydrogenase B_XP_014063047.1 ATP production
Jack 1.02E-07 0.010957 6.93 2.0 ARF GTPase protein GIT2_XP_013993786.1 Membrane re-modelling
Jack 3.48E-07 0.026799 3.41 2.0 Sex hormone-binding globulin "_ACJ25982.1 Hormone transport
Jack 2.82E-07 0.006442 2.93 1.9 3",5"-Cyclic phosphodieserase_XP_014008493.1 cAMP hydrolysis
Jack 2.50E-05 0.043128 4.87 1.8 Ubiquitin hydrolase 44_XP_014063753.1 Protein de-ubiquitination
Jack 9.01E-05 0.036913 3.17 1.8 Creating kinase-2_ACH70915.1 ATP homeostasis
Jack 7.27E-09 0.005507 4.79 1.7 Proteasome subunit alpha type 4_AAH45970.1 Protein degradation
7R. Gombar et al. / Journal of Proteomics 157 (2017) 1–9
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Table 3.1 - Functional classification of differentially abundant proteins between hooknose and 
jack males. Proteins whose abundance ratios >1.5 and had p-values and FDR adjusted q-values < 
0.05 were considered significant. Proteins are organized by abundance ratios and which tactic 
contained the higher abundance; hooknose (upper panel), jack (lower panel) 
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Fig. 7. Absolute quantitation of selected proteins from jack and hooknose seminal plasma. A) Protein abundances are shown as mean fmol (on-column) ± standard deviation (see
Materials and Methods for details). All protein comparisons shown were statistically signi!cant, p b 0.001. Individual statistical values are displayed in Table 1. Proteins shown are the
following: Sex hormone binding globulin (SHBG), 3!,5!-cyclic phosphodiesterase (PDE), lactate dehydrogenase (LDH), adenylate kinase 1-1 (AK-1), superoxide dismutase (SOD), and
E3 ubiquitin ligase KEG-like (E3 KEG-like). B) Seminal plasma (10 !g) from individual biological specimens was analyzed by LDH immunoblotting using a cross reacting rabbit LDH
antibody. The corresponding on-column fmol amount determined by mass spectrometry for the individual biological specimens is shown. C) Isolated exosomes from 25 !g of pooled
jack and hooknose seminal plasma were subjected to immunoblot nalysis using anti-LDH and anti-14-3-3 antibodies.
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Functional classi!cation of differentially abundant proteins between hooknose and jack males. Proteins whose abundance ratios N1.5 and had p-values and FDR adjusted q-values b0.05
were considered signi!cant. Proteins are organized by abundance ratios and which tactic contained the higher abundance; hooknose (upper panel), jack (lower panel).
Tactic p-Value q-Value % CV Fold change Protein description Protein function
Hook 1.44E-09 0.006025 1.74 2.4 Superoxide dismutase_P03946.2 Redox homeostasis
Hook 2.12E-06 0.041019 2.80 2.3 Adenylate kinase 1_ACH70899.1 ATP shuttling
Hook 2.38E-08 0.019191 4.79 2.2 Spidroin-1-like_XP_014065990.1 Extracellular matrix organization
Hook 1.23E-09 0.015444 2.12 2.1 RNA-binding motif protein_XP_014067707.1 Alternative splicing
Hook 1.67E-15 0.000319 3.76 2.1 E3 ubiquitin ligase KEG_XP_014062379.1 Protein ubiquitination/degradation
Hook 1.90E-05 0.034955 2.08 1.9 Creatine kinase B-type_EMP32891.1 ATP homeostasis
Hook 3.52E-11 0.001165 2.86 1.8 Apolipoprotein C-I_NP_001134834.1 Membrane stabilization
Hook 2.37E-11 0.001747 1.95 1.8 Lumican precursor_ACI33424.1 Extracellular matrix organization
Hook 9.36E-07 0.007213 1.06 1.7 Semaphorin-4F-like_XP_014065278.1 Regulation of cell migration
Hook 7.40E-10 0.000674 4.38 1.6 Transcription factor Sox-19a_XP_014051352.1 Transcription factor
Hook 1.75E-10 0.001586 1.65 1.6 Creatine kinase_P24722.1 ATP homeostasis
Hook 2.83E-06 0.026153 2.84 1.5 Proteasome subunit beta type 5_ACH85299.1 Protein degradation
Jack 4.20E-07 0.023216 11.82 2.9 Actin gamma_NP_001017750.1 Cell motility
Jack 4.11E-05 0.027859 4.22 2.2 Precerebellin protein_AAF04305.2 In"ammatory response
Jack 5.76E-07 0.01682 8.73 2.0 L-lactate dehydrogenase B_XP_014063047.1 ATP production
Jack 1.02E-07 0.010957 6.93 2.0 ARF GTPase protein GIT2_XP_013993786.1 Membrane re-modelling
Jack 3.48E-07 0.026799 3.41 2.0 Sex hormone-binding globulin "_ACJ25982.1 Hormone transport
Jack 2.82E-07 0.006442 2.93 1.9 3",5"-Cyclic phosphodieserase_XP_014008493.1 cAMP hydrolysis
Jack 2.50E-05 0.043128 4.87 1.8 Ubiquitin hydrolase 44_XP_014063753.1 Protein de-ubiquitination
Jack 9.01E-05 0.036913 3.17 1.8 Creating kinase-2_ACH70915.1 ATP homeostasis
Jack 7.27E-09 0.005507 4.79 1.7 Proteasome subunit alpha type 4_AAH45970.1 Protein degradation
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Another intriguing finding was the observed increase in the enzyme cGMP-
inhibited 3′,5′-cyclic phosphodiesterase (PDE) in the jack males. PDE catalyzes the 
hydrolysis of cAMP, a potent second messenger that regulates numerous spermatozoa 
related activities such as motility and capacitation [67,68]. Extracellular PDE is widely 
reported in literature and has also been characterized in the seminal plasma of numerous 
organisms [69,70]. The difference in PDE levels between the tactics insinuates that 
hooknose males, by virtue of having lower levels of PDE, may exhibit more prominent 
cAMP signaling than jack males. In addition to factors affecting cAMP activities, levels of 
enzymes regulating additional metabolic compounds were found to be different between 
hooknose and jack males. Interestingly, the nucleotide converting enzyme adenylate kinase 
(AK) was detected at a two-fold higher level in hooknose males [Figure 3.7, and Table 
3.1]. AK catalyzes the reversible reaction of ATP + AMP = 2ADP and thus represents an 
important mediator of bioenergetic sensing [71]. AK is detected in extracellular fluids, 
including seminal plasma [72,73], and has been reported to mediate ATP shuttling to 
ATPases residing in the spermatozoon tail, facilitating motility [74]. 
One of the most prominent protein differences was a two-fold abundance ratio 
increase in lactate dehydrogenase (LDH) in jack males [Figure 3.7A, and Table 3.1]. 
Interestingly, we were able to validate the quantitative proteomic data by immunoblot 
analysis using a cross reacting LDH antibody [Figure 3.7B]. Overall, we observed higher 
amounts of LDH in jack males compared to hooknose males, although one hooknose 
individual (H113) displayed elevated LDH levels by immunoblot analysis and quantitative 
proteomics. Furthermore, as LDH has been characterized to be a component in seminal 
plasma exosomes [56], we isolated exosomes from pooled seminal plasma and observed 
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higher levels of LDH from jack males compared to hooknose males [Figure 3.7C]. As a 
control we also probed for 14-3-3 using a pan 14-3-3 antibody. This protein is a known 
exosome protein [51–52] and was found to be equally abundant in our proteomic analysis 
as well as in our isolated exosome samples [Figure 3.7C]. It has been proposed in several 
species that spermatozoa can utilize lactate found in the seminal plasma as an energy 
source, whereby LDH in the seminal plasma converts lactate to pyruvate and NADH that 
is subsequently transported into the sperm's mitochondria for oxidative phosphorylation 
and ATP production [75]. This metabolic system is critical for meeting the energy demands 
of motile spermatozoa and thus is a contributing factor for producing high quality sperm 
[76]. Furthermore, this finding is consistent with past studies that have predicted jack males 
to participate in sperm competition by the so-called “loaded raffle” mechanism, whereby 
sneaker males (jacks) possess higher quality spermatozoa in order to compete for 
reproductive success [10]. Thus, further detailed mechanistic studies will be important to 
examine if jack males utilize higher levels of LDH in their seminal plasma to provide their 
spermatozoa a metabolic advantage over hooknose spermatozoa. 
A notable class of proteins identified in the Chinook salmon seminal plasma of both tactics 
was those that participate in oxidative stress resistance such as thioredoxin, peroxiredoxin, 
glutathione transferase, and DJ-1 [Table S3.1]. Oxidative insults from reactive oxygen 
species (ROS) during the shift from hypoxic to normoxic conditions during external 
fertilization can be detrimental to spermatozoa cells [77]. Thus, up-regulation of 
antioxidant factors enhances sperm viability by increasing survival towards oxygen 
radicals. ROS have also been shown to have a degradative effect on spermatozoa 
performance such as motility but help enhance immune function and increase capacitation 
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in humans [78]. Strikingly, our study found superoxide dismutase (Zn/Cu SOD) levels to 
be greater than two-fold higher in hooknose males [Figure 3.7A, and Table 3.1]. SOD 
levels in seminal plasma have been shown to correlate to ROS tolerance, protecting 
spermatozoa from oxidative damage [79]. However, recently reports have demonstrated 
that SOD activity inhibits spermatozoa capacitation by eliminating localized superoxide 
anions participating in spermatozoa membrane remodeling [80]. Future studies will be 
required to determine the significance of its elevated levels in hooknose males as it relates 
to sperm competition with jack males. 
The importance of proteolysis within seminal plasma and sperm maturation is well 
documented and is crucial for stage specific regulation of spermatogenesis, removal of 
unviable or damaged spermatozoa, spermatozoa motility, and spermatozoa capacitation 
[81,82]. On the other hand, protease inhibitors attenuate unwanted proteolysis and maintain 
spermatozoa quiescence [81]. In our study, one of the most notable protease families 
present was the cathepsin proteases [83]. Cathepsins have been characterized in seminal 
plasma in a variety of species where they are proposed to function in membrane re-
modeling and immunomodulation [83–85]. Three family members were identified in all 
biological replicates, including cathepsins O, K, and M. Cathepsin inhibitors cystatin and 
kininogen-1 were also identified [Table S3.1], indicating that regulated proteolysis is likely 
a prominent feature in Chinook salmon seminal plasma. In addition to cathepsin proteases, 
proteins involved in the ubiquitin-proteasome system (UPS) were also abundant in the 
seminal plasma of both tactics [Table S3.1]. The extracellular UPS has garnered 
considerable attention recently in reproductive biology and has been implicated in targeting 
proteins for degradation for the purpose of membrane re-modeling, removal of defective 
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spermatozoa, and regulation of spermatozoa maturation [86]. Furthermore, there is 
growing evidence that measuring ubiquitin levels in seminal plasma is a viable clinical 
biomarker assay for infertility in humans, where higher levels correlate inversely with 
spermatozoa numbers, motility, and proper morphology [87]. Although we detected 
ubiquitin levels to be similar in our study [Table S3.1], there were UPS associated enzymes 
whose levels were different between the tactics. Most notably, the E3 ligase KEG-like 
enzyme was over two-fold higher in hooknose males [Figure 3.7A, and Table 3.1]. As E3 
ligase enzymes are responsible for recognizing targets and presenting them to the ubiquitin 
conjugating machinery, elevated levels suggest that hooknose males may display a greater 
propensity to perform UPS-mediated activities. Supporting this hypothesis was the 
observation that the ubiquitin carboxy-terminal hydrolase 44-like enzyme, which is 
predicted to function as a deubiquitinase, was 1.8 fold higher in jack males than hooknose 
males. As the UPS system can exert multiple effects on spermatozoa, it will be interesting 
to examine how these protein differences in UPS-related enzymes affect sperm competition 
in the alternative reproductive tactics of Chinook salmon. 
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In conclusion, utilizing a high throughput label-free quantitative proteomics 
approach that incorporated ion mobility separation and data-independent acquisition, we 
identified known and novel seminal plasma proteins from Chinook salmon alternative 
reproductive tactics. Moreover, for the first time, quantitative proteomic differences 
between alternative reproductive tactics (hooknose and jack males) in seminal plasma were 
elucidated. Many of the protein abundance differences offer insight into the divergent 
reproductive strategies displayed by the Chinook salmon male tactics. Future work will 
now be centered on examining the physiological significance of the differential protein 
components and their mechanisms of action in relation to competitive and non-competitive 
fertilization success. 
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CHAPTER 4- PATHOLOGIC ALTERATIONS IN THE PROTEOME OF 
SYNAPTOSOMES FROM A MOUSE MODEL OF SPINAL MUSCULAR 
ATROPHY 
 
4.1 - Introduction 
Spinal muscular atrophy (SMA) is the leading hereditary cause of death in infants1. 
It is characterized by progressive weakness and atrophy of proximal muscles [1]. SMA is 
an autosomal recessive hereditary disease and is caused by mutations in the survival motor 
neuron 1 (SMN1) gene [2]. Type I SMA is the most severe form of the disease and accounts 
for about 50% of all patients with SMA [3,4]. In this type, the disease starts early in life 
and usually results in death before the age of two. In postmortem examination, significant 
loss of lower motor neurons in the ventral horn of the spinal cord and atrophy of skeletal 
muscles are observed [5]. The role of SMN, the protein product of SMN1, in the assembly 
of protein-RNA complexes (snRNPs) and pre-mRNA splicing is well established [6]. The 
depletion of SMN to very low levels is not lethal but results in the SMA phenotype in 
humans and in other animals [7,8].  
Neuromuscular junctions (NMJs) are among the most studied structures in mouse 
models of SMA. In general, NMJs develop normally during embryonic life in these mice, 
but undergo degenerative changes along the course of the disease. The degree of the NMJ 
pathology increases with progress of SMA phenotype in these mice [9-11]. These 
degenerative changes include accumulation of neurofilaments within pre-synaptic areas, 
reduced size and delayed maturation of motor endplates, and eventual denervation of motor 
endplates. Some of the pathologies involving NMJs (e.g. neurofilament accumulation) 
occur before any overt symptoms in affected mice [10]. In addition, Dachs et al. showed 
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that the expression of some of the presynaptic proteins (including Rab3 and calcitonin 
gene-related peptide) is reduced in NMJs of a severe SMA mouse model before the onset 
of the disease [12]. Other studies also showed several ultrastructural impairments of NMJs 
including decreased density of synaptic vesicles in the active zone, reduced number of 
presynaptic mitochondria, and delayed switch of postsynaptic acetylcholine receptor 
subunits [13]. In accordance with these findings, electrophysiological studies on NMJs of 
SMA mice also showed a variety of abnormalities including reduction of end-plate 
potentials, decrease in quantum content and reduction in release probability [14]. Several 
NMJ abnormalities including aberrant synaptic vesicles and accumulation of 
neurofilaments in the motor nerve terminals have been reported in samples of human SMA 
embryos [15]. The authors concluded that the pathologic changes in severe forms of SMA 
start during embryonic development and a defect in maintaining the initial innervations of 
motor endplates is an early event in SMA pathogenesis [15].  
Other studies using fly and mouse models have suggested that the impairment of 
neural circuits within the spinal cord might contribute to the motor deficits of SMA [16-
18]. Using a severe mouse model of SMA, Mentis et al. studied the monosynaptic 
connections between motor neurons and muscle spindles [17]. They showed that even 
before the onset of the disease, the response of motor neurons to stimulation of dorsal root 
(afferent fibers) is significantly decreased in SMA mice [17]. They further examined 
lumbar sections of spinal cords in these animals and found that the number of 
proprioceptive synapses (marked by an antibody against VGlut1) on the soma and 
dendrites of lower motor neurons is remarkably reduced. Moreover, Wishart et al. observed 
protein differences using isobaric labeling and quantitative proteomics on synaptosome 
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preparations from the hippocampus from severe SMA mice at postnatal day 1 (P1) [19]. 
Thus, the emerging view is that synapses and axons play an important role in the 
pathogenesis of a number of neurodegenerative disorders. As a result, treatment strategies 
targeting neuroprotection, and in particular synapses and axons become a viable option. 
Here, we have used the Smn2B/- mouse model of severe SMA to explore aberrant molecular 
events at central synapses accompanying disease pathogenesis and to identify proteins and 
pathways impacting neurodegeneration. 
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4.2 - Experimental Section 
Mouse Maintenance and Handling 
C57BL/6 Smn+/- and control mice were purchased from the Jackson Laboratory as 
follows: C57BL/6J (#000664), and B6.129P2(Cg)-Smn1<tm1Msd>/J (#010921) (Bar 
Harbor, Maine, USA). Smn2B/2B mice were previously generated in our laboratory and have 
been maintained on a C57BL/6 background [20,21]. All animals were handled according 
to institutional guidelines (Animal Care and Veterinary Services, University of Ottawa). 
The humane endpoints included severe dehydration, hypothermia or dragging of the hind 
limbs. 
Preparation of Synaptosome Fractions 
Based on methods described by Dunkley et al. (2008), non-continuous Percoll 
gradients were used to obtain highly pure and enriched synaptosome fractions from mouse 
spinal cords and brain cortices [22]. Briefly, mice were euthanized, and their cortices and 
spinal cords were dissected immediately. Tissue samples were rinsed in ddH2O and were 
immediately homogenized in 6 mL of a sucrose buffer (containing 320 mM sucrose, 5 mM 
Tris-HCl pH 7.5 and 0.1 mM EDTA) using a 7 mL Dounce tissue grinder (10 strokes loose 
and 10 strokes tight pestles). The homogenates were centrifuged at 1,100 g (10 min at 4°C) 
and the supernatants were transferred to new tubes and were centrifuged at 20,000 g (10 
min at 4°C). The supernatants were discarded, and the pellets were resuspended in 2 mL 
of gradient medium (GM) buffer (containing 250 mM sucrose, 5 mM Tris-HCl pH 7.5 and 
0.1 mM EDTA) and loaded gently on top of non-continuous Percoll gradients. The gradient 
tubes were centrifuged at 45,000 g (5 min at maximum speed, 4°C) using a fixed angle 
70.1 Ti rotor (Beckman). The 3rd and 4th fraction of each tube was aspirated carefully using 
 
86 
 
a Pasteur pipette and transferred to new tubes and diluted 10 times by GM buffer and 
centrifuged at 45,000 x g (5 min at maximum speed, 4°C). The supernatants were 
discarded, and the pellets were resuspended in 2 mL of GM buffer and transferred to 
microcentrifuge tubes and centrifuged in a benchtop machine at maximum speed (5 min at 
maximum speed, 4°C). The retrieved pellets were considered as synaptosome fractions and 
were used for further analysis. 
Electron Microscopy 
Transmission electron microscopy was used to determine the integrity and quality 
of prepared synaptosomes. Fresh synaptosome fractions prepared from mouse cortices and 
spinal cords were incubated with Karnovsky’s fixative buffer (4% paraformaldehyde, 2% 
glutaraldehyde and 0.1 M sodium cacodylate in PBS, pH 7.4) for at least 1 h at room 
temperature. Samples were centrifuged at 20,000 g for 1 min and the pellets were washed 
three times in 0.1 M sodium cacodylate buffer for 10 min. Samples were post-fixed with 
1% osmium tetroxide in 0.1 M sodium cacodylate buffer for 2 h and washed three times in 
distilled water for 5 min. After the last wash, the pellets were dehydrated in increasing 
concentrations of ethanol (50%, 75% and 90% 15 min each), washed for 10 min in a 
ethanol/acetone (50:50) solution followed by centrifugation at 20,000 g for 1 min, and then 
were washed for 15 min in 100% acetone followed by centrifugation at 20,000 g for 1 min. 
The samples were infiltrated first in 30% Spurr resin/acetone overnight, then in 50% Spurr 
resin/acetone for 6 h, and finally in fresh 100% Spurr resin overnight (all infiltration steps 
were performed on a rotator at low speed). Synaptosomes were embedded in fresh liquid 
Spurr resin and then polymerized overnight at 70ºC. The specimens were sectioned using 
an ultramicrotome at 80 nm thickness. The ultrathin sections were collected onto 200-mesh 
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copper grids and stained using 2% aqueous uranyl acetate and then Reynold’s lead citrate. 
Several electron micrographs were prepared from the stained sections using a transmission 
electron microscope (Hitachi 7100) at 10,000x and 100,000x magnification, and then 
ultrastructural analysis was performed by visual examination. 
Immunoblot Analysis 
Synaptosome pellets were incubated with RIPA buffer (Cell Signaling Technology) 
for 10 min on ice. Protein concentrations of homogenates were measured using a Pierce™ 
BCA Protein Assay Kit (Thermo Fisher Scientific) and 10 µg total protein from each 
sample was incubated with Laemmli loading buffer at 95°C for 5 min. Samples were 
separated on 10 or 12% SDS-PAGE gels and then electrotransferred onto Immobilon-FL 
membranes (EMD Millipore). Before blocking, the blotted membranes were stained for 
total protein using Sypro Ruby staining reagent (Life Technologies) and scanned by a 
Chemidoc-IT imager (UVP). The following primary antibodies were used to probe the 
membranes: mouse anti-histone H3 1:2000 (Thermo), mouse anti-β-actin (1:10000), 
mouse anti MBP and anti GFAP (1:2000) (Millipore), rabbit anti-SV2 (1:2000) (DSHB), 
rabbit anti- Synaptophysin, PSD-95, COX4 and SDHA (1:2000) (Cell Signaling 
Technologies). Membranes then were incubated with IRDye fluorescent conjugated 
(LiCOR) (1:5000) and were developed using an Odyssey CLx scanning machine. The 
images were quantified using Image Studio 4.0 (LiCOR). Total protein of each lane was 
used to normalize the signals within that lane. 
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In-Gel Trypsin Digestion and Mass Spectrometry Sample Preparation 
Synaptosome fractions from six biological replicates; three control samples and three 
Smn2B/- samples, were resuspended in 6X SDS loading dye (10% SDS w/v, 0.5 M Tris-HCl 
pH 6.8, 40% glycerol (v/v), and 30 mM DTT) and boiled. Samples were separated on 15% 
SDS-PAGE gels and visualized using Imperial Coomassie stain (Thermo Fisher Scientific) 
following the manufacturer’s protocol. Individual lanes were excised and further dissected 
into eight parts. Each gel piece was placed into individual siliconized tubes (Fisher 
Scientific) and destained as previously described prior to in-gel trypsin digestion [23]. 
Mass spectrometry grade trypsin (Promega) was prepared in 50 mM NH4HCO3 (Thermo 
Fisher Scientific) and made up to a final concentration of 0.04 µg/µL. Approximately 0.8 
µg of trypsin was added to each gel piece, which was incubated at 37°C overnight. Trypsin 
digestion was quenched with 5% formic acid (Sigma). Peptides were extracted using 60% 
acetonitrile (Burdick and Jackson), 1% formic acid in HPLC grade water (Burdick and 
Jackson). Peptide extracts for each biological replicate were pooled together to yield 4 
fractions and concentrated to dryness using vacuum centrifugation. Samples were 
reconstituted in 0.1% formic acid solution and Hi3 standard peptides (Waters) (12.5 
fmol/µL) were added for relative protein quantitation.  
Mass Spectrometry Analysis 
Generated in-gel tryptic peptides from each of the four fractions per biological 
replicate were injected on a 1.8 µm HSS T3 75 µm x 150 mm reverse phase column 
(Waters) using a nanoAcquity UPLC system (Waters) at a flow rate of 0.3 µL/min. Mobile 
phase A (water with 0.1% formic acid) and mobile phase B (acetonitrile with 0.1% formic 
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acid) were used to equilibrate the column and load the peptides onto the column at a ratio 
of 97:3 (A:B).  Elution of the peptides was accomplished using a 85 min acetonitrile 
gradient (3-30% B for 60 min, 30-50% B for 15 min, 85% B for 10 min).  Peptides were 
electrosprayed directly into a SYNAPT G2-Si mass spectrometer (Waters) using a cone 
voltage of 30 V and a capillary voltage of 3 kV. The instrument was operated in data 
independent acquisition mode with the ion mobility chamber activated. Low energy scans 
were acquired at 4 eV while high energy scans were acquired using a 20-45 eV ramp in 
positive resolution mode scanning from 50-2000 m/z with a scan rate of 0.8 s. Data was 
externally calibrated using [Glu1]- fibrinopeptide B (50 fmol/µL) in the lockmass channel. 
Data was collected using MassLynx (version 4.1) and Progenesis QI Nonlinear Dynamics) 
was used for chromatography alignment, normalization, and peptide identification analysis 
using the Mus musculus subset of the UniprotKB/SwissProt database (17016 proteins, 
downloaded January 2018). The raw data was processed using the following parameters: a 
low energy noise reduction threshold of 135, a high-energy threshold of 30, and an intensity 
threshold of 750. The data was lock mass corrected post acquisition. Protein identification 
parameters included a minimum of three fragment ions per peptide, a minimum of seven 
fragment ion matches per protein, a maximum of two missed cleavages for trypsin, and a 
false discovery rate below 1% was achieved using a decoy database. Variable modification 
for oxidation of methionine was also specified. Three technical replicates were acquired 
for each of the four fractions per biological replicate (72 measurements total) and grouped 
into the comparative categories (control vs Smn2B/-) in Progenesis QI. Quantitation was 
determined using the three most abundant peptides per protein following conflict resolution 
and elimination of protein contaminants. The mass spectrometry proteomics data have been 
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deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the 
dataset identifier PXD012850. 
Label-Free Quantitative Data Analysis  
Quantitative data were analysed using “R” statistical software (Version 3.5.1). 
Statistical significance, relating to the differences in protein abundance (fmols) between 
control and SMA mice, were evaluated using a student’s t-test and was accepted if P-values 
were <0.05. Prior to performing the student’s t-test, the average protein abundance was 
calculated from three technical replicates per biological replicate of control and SMA mice. 
The reliability of quantitation was standardized based on the detection of at least three 
unique peptides per protein. To ensure statistical relevance, changes in protein abundance 
was considered significant only if the student’s t-test was <0.05, the ANOVA score was 
<0.05, and the fold-change was >1.3.  Statistical data from all quantitated proteins was 
used to generate a volcano plot. To represent significant changes in protein abundance, the 
student’s t-test scores were converted to -log10 P-values (y-axis) and plotted in relation to 
log2fold-change (x-axis) using “ggplot2” and “ggrepel” packages in “R”.  
Bioinformatics Data Analysis 
Proteomic data were processed using The Database for Annotation, Visualization 
and Integrated Discovery (DAVID v6.8), available at http://david.ncifcrf.gov, to 
investigate the enrichment and annotation of synaptosome proteins to cellular component, 
biological process, molecular function, and KEGG pathways [24,25]. A Fischer Exact test 
was performed by DAVID to determine significance of protein enrichment. Enrichment of 
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proteins, in the categories mentioned above, was considered significant if the P-values 
(Fischer Exact test) were <0.05, and false-discovery rate (FDR) was <5%.   
4.3 - Results and Discussion 
Synaptosome Fractions Prepared from Mouse Cortices and Spinal Cords Display High 
Purity and Quality  
 
  To identify perturbations in molecular signaling pathways within central synapses 
and axons in Smn2B/- mice, we chose to assess the proteome within distal neuronal regions. 
To achieve this, we prepared synaptosomes, which represent synapse-enriched 
biochemical fractions, from P14 brain cortices and spinal cords. Figure 4.1 shows a 
representative biochemical fractionation from control mice analyzed by immunoblotting. 
At the end of the ultracentrifugation, five distinct fractions, here labeled as F1 to F5, were 
collected from the Percoll gradients. Fractions F3 and F4 contained the synaptosomes as 
predicted from previous work [22]. These fractions showed minimum reactivity with 
antibodies against histone H3 (nuclear marker), myelin basic protein (MBP) (3 isoforms) 
(myelin marker), or glial fibrillary acidic protein (GFAP) (astrocyte marker) [Figure 4.1]. 
We also used antibodies against synaptic markers to investigate the enrichment of these 
proteins within the synaptosome fractions. Fractions F3 and F4 showed strong signals when 
antibodies against synaptic vesicle glycoprotein 2 (SV2), synaptophysin and postsynaptic 
density protein 95 (PSD-95) were used to probe the membranes. These results confirmed 
good purity and enrichment of synaptosomes within fractions F3 and F4 [Figure 4.1]. 
Fractions F3 and F4 also reacted with antibodies against ‘cytochrome c oxidase 4’ (COX4) 
and ‘succinate dehydrogenase A’ (SDHA), markers for mitochondria [Figure 4.1]. This 
confirms the existence of intra-synaptic mitochondria within the enriched synaptosomes as 
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reported by others [26,27]. However, most of the mitochondria are extra-synaptic and 
separate out into fraction F5 [Figure 4.1]. Using electron microscopy (EM), we also 
investigated the quality of the synaptosome fractions prepared from mouse cortices and 
spinal cords [Figure 4.2]. Fractions F3 and F4 were combined and represented the 
synaptosome preparation. EM showed a good integrity of synaptosome membranes and 
presence of synaptic vesicles and mitochondria inside the synaptosome sacs [Figure 4.2], 
indicating the isolation of healthy and viable synaptosomes. Using immunofluorescence 
microscopy, we also observed similar number of synapses in lumbar spinal cords of Smn2B/- 
mice compared to control mice [Figure S4.1]. Together, these results confirmed that our 
synaptosome fractions have good quality and high enrichment of central synapses from 
mouse CNS tissues.   
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Figure 4.1 - Synaptosomal fractions prepared from control mouse cortex and spinal cord show 
good purity and enrichment. Using a Percoll noncontinuous gradient, homogenates of mouse 
cortex and spinal cord were fractionated to five distinct fractions (F1−F5, In = input). Equal protein 
concentrations were used from the input and each fraction to perform immunoblot analysis. Probing 
of the membranes with different antibodies showed a good purity and enrichment of synaptosomes 
within fractions F3 and F4 from mouse cortex and spinal cord. Histone H3 was used as a nuclear 
marker; MBP (3 isoforms) and GFAP as markers for myelin and astrocytes; actin as a marker for 
the cytoplasm; SV2, synaptophysin, and PSD-95 as markers for synaptic regions; and Cox4 and 
SDHA as markers for mitochondria. Please note that fractions F3 and F4 react with the antibodies 
specific for mitochondria protein. This indicates that the retrieved synaptosomes contain 
intrasynaptic mitochondria. 
 
 
 
 
 
 
(astrocyte marker) (Figure 1). We also used antibodies against
synaptic markers to investigate the enrichment of these
proteins within the synaptosome fractions. Fractions F3 and
F4 showed strong signals when antibodies against synaptic
vesicle glycoprotein 2 (SV2), synaptophysin, and postsynaptic
density protein 95 (PSD-95) were used to probe the
membranes. These results con!rmed good purity and enrich-
ment of synaptosomes within fractions F3 and F4 (Figure 1).
Fractions F3 and F4 also reacted with antibodies against
“cytochrome c oxidase 4” (COX4) and “succinate dehydrogen-
ase A” (SDHA), markers for mitochondria (Figure 1). This
con!rms the existence of intrasynaptic mitochondria within the
enriched synaptosomes as reported by others.26,27 However,
most of the mitochondria are extra-synaptic and separate out
into fraction F5 (Figure 1).
Using electron microscopy (EM), we also investigated the
quality of the synaptosome fractions prepared from mouse
cortices and spinal cords (Figure 2). Fractions F3 and F4 were
combined and represented the synaptosome preparation. EM
showed a good integrity of synaptosome membranes and
presence of synaptic vesicles and mitochondria inside the
synaptosome sacs (Figure 2), which indicated the isolation of
healthy and viable synaptosomes. Using immuno"uorescence
microscopy, we also observed a similar number of synapses in
lumbar spinal cords of Smn2B/! mice compared to control mice
(Figure S1). Together, these results con!rmed that our
synaptosome fractions have good quality and high enrichment
of central synapses from mouse CNS tissues.
Proteome Pro!le of Synaptosomes Prepared from Spinal
Cords of Smn2B/! Mice
Mass spectrometry analysis on synaptosomes isolated from
mouse spinal cords was performed to investigate proteome
dynamics at the motor neuron synapse in response to SMN
depletion. Following synaptosome isolation, samples were
prepared for mass spectrometry using an in-gel approach
(Figure 3). Identi!cation of synaptosome proteins was
accomplished using data-independent acquisition mass spec-
trometry (LC!MSE). Furthermore, ion mobility separation of
peptides was coupled to LC!MSE (LC!HDMSE) to improve
peptide resolution.23,28
Following data !ltering to include proteins identi!ed in all
six biological replicates (3 control mice and 3 Smn2B/! mice),
our analysis successfully identi!ed 2030 proteins (Table S1).
Enrichment analysis, using the DAVID software program, was
applied to evaluate synaptic-related proteins represented in our
Figure 1. Synaptosomal fractions prepared from control mouse cortex
and spinal cord show good purity and enrichment. Using a Percoll
nonconti uou gr dient, homogenates of mouse c rt x and spinal
co d were fractionated to !ve distinct fractions (F1!F5, In = input).
Equal protein concentrations were used from the input and each
frac i n to perform i mu oblot an lysis. Probing of the membranes
with di# rent antibodies sh w d a good purity and enrichment of
synaptosomes within fractions F3 and F4 from mou e cortex nd
spinal cord. Histone H3 was used a a nuclear marker; MBP (3
isofor s) and GFAP as markers for myelin and astrocytes; a tin as a
marker for the cytoplasm; SV2, synaptophysi , and PSD-95 as
markers for sy aptic regions; and Cox4 and SDHA as markers for
mitochondria. Please note that fractions F3 and F4 react with the
antibodies speci!c for mitochondria protein. This indicates that the
retrieved synaptosomes contain intrasynaptic mitochondria.
Figure 2. Synaptosome fractions prepared from brain cortices and
spinal cords of control and Smn2B/! mice show good membrane
integrity and quality. Electron microscopy of synaptosome fractions
prepared from mouse (A) brain cortex and (B) spinal cord con!rm
the integrity of the membranes of retrieved synaptosomes in control
and Smn2B/! mice. Note the synaptosome sacs contain synaptic
vesicles and intrasynaptic mitochondria (arrowhead and asterisk,
respectively). Also, some synaptosomes are still attached to the
postsynaptic membrane (arrow). Scale bars correspond to 2 !m (top
images) and 100 nm (bottom images).
Figure 3. Schematic of synaptosome experimental proteomic
work"ow. Spinal cord synaptosome fractions were prepared from
control (n = 3) and Smn2B/! (n = 3) mice. Samples were subjected to
SDS/PAGE analysis, in-gel trypsin digestion, and analyzed by high
resolution mass spectrometry followed by statistical data processing.
Journal of Proteome Research Article
DOI: 10.1021/acs.jproteome.9b00159
J. Proteome Res. 2019, 18, 3042!3051
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Figure 4.2 - Synaptosome fractions prepared from brain cortices and spinal cords of control and 
Smn
2B/− mice show good membrane integrity and quality. Electron microscopy of synaptosome 
fractions prepared from mouse (A) brain cortex and (B) spinal cord confirm the integrity of the 
membranes of retrieved synaptosomes in control and Smn
2B/− 
mice. Note the synaptosome sacs 
contain synaptic vesicles and intrasynaptic mitochondria (arrowhead and asterisk, respectively). 
Also, some synaptosomes are still attached to the postsynaptic membrane (arrow). Scale bars 
correspond to 2 μm (top images) and 100 nm (bottom images). 
 
 
 
 
 
 
 
 
(astrocyte marker) (Figure 1). We also used antibodies against
synaptic markers to investigate the enrichment of these
proteins within the synaptosome fractions. Fractions F3 and
F4 showed strong signals when antibodies against synaptic
vesicle glycoprotein 2 (SV2), synaptophysin, and postsynaptic
density protein 95 (PSD-95) were used to probe the
membranes. These results con!rmed good purity and enrich-
ment of synaptosomes within fractions F3 and F4 (Figure 1).
Fractions F3 and F4 also reacted with antibodies against
“cytochrome c oxidase 4” (COX4) and “succinate dehydrogen-
ase A” (SDHA), markers for mitochondria (Figure 1). This
con!rms the existence of intrasynaptic mitochondria within the
enriched synaptosomes as reported by others.26,27 However,
most of the mitochondria are extra-synaptic and separate out
into fraction F5 (Figure 1).
Using electron microscopy (EM), we also investigated the
quality of the synaptosome fractions prepared from mouse
cortices and spinal cords (Figure 2). Fractions F3 and F4 were
combined and represented the synaptosome preparation. EM
showed a good integrity of synaptosome membranes and
presence of synaptic vesicles and mitochondria inside the
synaptosome sacs (Figure 2), which indicated the isolation of
healthy and viable synaptosomes. Using immuno"uorescence
microscopy, we also observed a similar number of synapses in
lumbar spinal cords of Smn2B/! mice compared to control mice
(Figure S1). Together, these results con!rmed that our
synaptosome fractions have good quality and high enrichment
of central synapses from mouse CNS tissues.
Proteome Pro!le of Synaptosomes Prepared from Spinal
Cords of Smn2B/! Mice
Mass spectrometry analysis on synaptosomes isolated from
mouse spinal cords was performed to investigate proteome
dynamics at the motor neuron synapse in response to SMN
depletion. Following synaptosome isolation, samples were
prepared for mass spectrometry using an in-gel approach
(Figure 3). Identi!cation of synaptosome proteins was
accomplished using data-independent acquisition mass spec-
trometry (LC!MSE). Furthermore, ion mobility separation of
peptides was coupled to LC!MSE (LC!HDMSE) to improve
peptide resolution.23,28
Following data !ltering to include proteins identi!ed in all
six biological replicates (3 control mice and 3 Smn2B/! mice),
our analysis successfully identi!ed 2030 proteins (Table S1).
Enrichment analysis, using the DAVID software program, was
applied to evaluate synaptic-related proteins represented in our
Figure 1. Synaptosomal fractions prepared from control mouse cortex
and spinal cord show good purity and enrichment. Using a Percoll
noncontinuous gradient, homogenates of mouse cortex and spinal
cord were fractionated to !ve distinct fractions (F1!F5, In = input).
Equal protein concentrations were used from the input and each
fraction to perform immunoblot analysis. Probing of the membranes
with di#erent antibodies showed a good purity and enrichment of
synaptosomes within fractions F3 and F4 from mouse cortex and
spinal cord. Histone H3 was used as a nuclear marker; MBP (3
isoforms) and GFAP as markers for myelin and astrocytes; actin as a
marker for the cytoplasm; SV2, synaptophysin, and PSD-95 as
markers for synaptic regions; and Cox4 and SDHA as markers for
mitochondria. Please note that fractions F3 and F4 react with the
antibodies speci!c for mitochondria protein. This indicates that the
retrieved synaptosomes contain intrasynaptic mitochondria.
Figure 2. Synaptosome fractions prepared from brain cortices and
spinal cords of control and Smn2B/! mice show good membrane
integrity and quality. Electron microscopy of synaptosome fractions
prepared from mouse (A) brain cortex and (B) spinal cord con!rm
the integrity of the membranes of retrieved synaptoso es in control
and Smn2B/! mice. Note the synaptoso e sacs contain synaptic
vesicles and intrasynaptic mitochondria (arrowhead and asterisk,
respectively). Also, some synaptosomes are still attached to the
postsynaptic membrane (arrow). Scale bars correspond to 2 !m (top
images) and 100 nm (bottom images).
Figure 3. Schematic of synaptosome experimental proteomic
work"ow. Spinal cord synaptosome fractions were prepared from
control (n = 3) and Smn2B/! (n = 3) mice. Samples were subjected to
SDS/PAGE analysis, in-gel trypsin digestion, and analyzed by high
resolution mass spectrometry followed by statistical data processing.
Journal of Proteome Research Article
DOI: 10.1021/acs.jproteome.9b00159
J. Proteome Res. 2019, 18, 3042!3051
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Proteome Profile of Synaptosomes Prepared from Spinal Cords of Smn2B/- Mice 
  Mass spectrometry analysis on synaptosomes isolated from mouse spinal cords was 
performed to investigate proteome dynamics at the motor neuron synapse in response to 
SMN depletion. Following synaptosome isolation, samples were prepared for mass 
spectrometry using an in-gel approach [Figure 4.3]. Identification of synaptosome proteins 
was accomplished using data-independent acquisition mass spectrometry (LC-MSE). 
Furthermore, ion mobility separation of peptides was coupled to LC-MSE (LC-HDMSE) to 
improve peptide resolution [23,28]. Following data filtering to include proteins identified 
in all six biological replicates (3 control mice and 3 Smn2B/- mice), our analysis successfully 
identified 2030 proteins [Table S4.1].  Enrichment analysis, using the DAVID software 
program, was applied to evaluate synaptic-related proteins represented in our control and 
Smn2B/- samples. Indeed, our results indicate a significant enrichment of proteins associated 
with numerous synaptic components including synaptic vesicles, axons, dendrites, synaptic 
membranes, and postsynaptic density [Table 4.1]. The inclusion of label-free internal 
peptide standards (Hi3) was added to each biological replicate to aid in relative quantitation 
analysis (see below).  Moreover, the addition of a known amount of Hi3 peptides also 
allows for estimation of on-column protein abundances that is useful for determining the 
dynamic range of our dataset [29]. Upon analyzing the abundance of synaptosome proteins 
on column, we observed a dynamic range spanning six orders of magnitude (0.004-140 
fmols) [Figure 4.4]. Cytoplasmic actin, which has diverse presynaptic and postsynaptic 
functions, was the highest abundant protein identified in our dataset [Table S4.1] [30]. A 
mitochondrial protein involved in phospholipid metabolism, known as phosphatidylserine 
decarboxylase proenzyme, was identified at the low end of the spectrum [31]. Taken 
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together, functional evaluation of the proteomic data demonstrates the relevance of our 
dataset to assessing alterations in spinal cord synaptic processes in our SMA model system.   
 
 
 
 
 
 
 
 
 
Figure 4.3 - Schematic of synaptosome experimental proteomic workflow. Spinal cord 
synaptosome fractions were prepared from control (n = 3) and Smn
2B/− 
(n = 3) mice. Samples 
were subjected to SDS/PAGE analysis, in-gel trypsin digestion, and analyzed by high resolution 
mass spectrometry followed by statistical data processing. 
 
 
 
 
 
(astrocyte marker) (Figure 1). We also used antibodies against
synaptic markers to investigate the enrichment of these
proteins within the synaptosome fractions. Fractions F3 and
F4 showed strong signals when antibodies against synaptic
vesicle glycoprotein 2 (SV2), synaptophysin, and postsynaptic
density protein 95 (PSD-95) were used to probe the
membranes. These results con!rmed good purity and enrich-
ment of synaptosomes within fractions F3 and F4 (Figure 1).
Fractions F3 and F4 also reacted with antibodies against
“cytochrome c oxidase 4” (COX4) and “succinate dehydrogen-
ase A” (SDHA), markers for mitochondria (Figure 1). This
con!rms the existence of intrasynaptic mitochondria within the
enriched synaptosomes as reported by others.26,27 However,
most of the mitochondria are extra-synaptic and separate out
into fraction F5 (Figure 1).
Using electron microscopy (EM), we also investigated the
quality of the synaptosome fractions prepared from mouse
cortices and spinal cords (Figure 2). Fractions F3 and F4 were
combined and represented the synaptosome preparation. EM
showed a good integrity of synaptosome membranes nd
presence of synaptic vesicles and mitochondria inside the
synaptosome sacs (Figure 2), which indicated the isolation of
healthy and viable synaptosomes. Using immuno"uorescence
microscopy, we also observed a similar number of synapses in
lumbar spinal cords of Smn2B/! mice compared to control mice
(Figure S1). Together, these results con!rmed that our
synaptosome fractions have good quality and high enrichment
of central synapses from mouse CNS tissues.
Proteome Pro!le of Synaptosomes Prepared from Spinal
Cords of Smn2B/! Mice
Mass spectrometry analysis on synaptosomes isolated from
mouse spinal cords was performed to investigate proteome
dynamics at the motor neuron s se in response to SMN
depletion. Following synaptosome isolation, samples were
prepared for mass spectrometry using an in-gel approach
(Figure 3). Identi!cation of synaptosome proteins was
accomplished using data-independent acquisition mass spec-
trometry (LC!MSE). Furthermore, ion mobility separation of
peptides was coupled to LC!MSE (LC!HDMSE) to improve
peptide resolution.23,28
Following data !ltering to include proteins identi!ed in all
six biological replicates (3 control mice and 3 Smn2B/! mice),
our analysis successfully identi!ed 2030 proteins (Table S1).
Enrichment analysis, using the DAVID software program, was
applied to evaluate synaptic-related proteins represented in our
Figure 1. Synaptosomal fractions prepared from control mouse cortex
and spinal cord show good purity and enrichment. Using a Percoll
noncontinuous gradient, homogenates of mouse cortex and spinal
cord were fractionated to !ve distinct fractions (F1!F5, In = input).
Equal protein concentrations were used from the input and each
fraction to perform immunoblot analysis. Probing of the membranes
with di#erent antibodies showed a good purity and enrichment of
synaptosomes within fractions F3 and F4 from mouse cortex and
spinal cord. Histone H3 was used as a nuclear marker; MBP (3
isoforms) and GFAP as markers for myelin and astrocytes; actin as a
marker for the cytoplasm; SV2, synaptophysin, and PSD-95 as
markers for synaptic regions; and Cox4 and SDHA as markers for
mitochondria. Please note that fractions F3 and F4 react with the
antibodies speci!c for mitochondria protein. This indicates that the
retrieved synaptosomes contain intrasynaptic mitochondria.
Figure 2. Synaptosome fractions prepared from brain cortices and
spinal cords of control and Smn2B/! mice show good membrane
integrity and quality. Electron microscopy of synaptosome fractions
prepared from mouse (A) brain cortex and (B) spinal cord con!rm
the integrity of the membranes of retrieved synaptosomes in control
and Smn2B/! mice. Note the synaptosome sacs contain synaptic
vesicles and intrasynaptic mitochondria (arrowhead and asterisk,
respectively). Also, some synaptosomes are still attached to the
postsynaptic membrane (arrow). Scale bars correspond to 2 !m (top
images) and 100 nm (bottom images).
Figure 3. Schematic of synaptosome experimental proteomic
work"ow. Spinal cord synaptosome fractions were prepared from
control (n = 3) and Smn2B/! (n = 3) mice. Samples were subjected to
SDS/PAGE analysis, in-gel trypsin digestion, and analyzed by high
resolution mass spectrometry followed by statistical data processing.
Journal of Proteome Research Article
DOI: 10.1021/acs.jproteome.9b00159
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Table 4.1 - DAVID Gene Ontology Enrichment Analysis of Synaptic-Related Proteins Identified 
in Control and Smn2B/− Mice. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4 - Profile of synaptosome proteome. The dynamic range of on- column protein 
abundance. The distribution of proteins (y-axis) within a range of on-column protein abundances 
in fmol (x-axis). Gray bars represent control proteins (control), and black bars represent Smn
2B/− 
mouse proteins. 
 
 
 
control and Smn2B/! samples. Indeed, our results indicate a
signi!cant enrichment of proteins associated with numerous
synaptic components including synaptic vesicles, axons,
dendrites, synaptic membranes, and postsynaptic density
(Table 1).
The inclusion of label-free internal peptide standards (Hi3)
was added to each biological replicate to aid in relative
quantitation analysis (see below). Moreover, the addition of a
known amount of Hi3 peptides also allows for estimation of
on-column protein abundances that is useful for determining
the dynamic range of our data set.29 Upon analyzing the
abundance of synaptosome proteins on column, we observed a
dynamic range spanning six orders of magnitude (0.004!140
fmols) (Figure 4). Cytoplasmic actin, which has diverse
presynaptic and postsynaptic functions,30 was the highest
abundant protein identi!ed in our data set (Table S1). A
mitochondrial protein involved in phospholipid metabolism,
known as phosphatidylserine decarboxylase proenzyme,31 was
identi!ed at the low end of the spectrum. Taken together,
functional evaluation of the proteomic data demonstrates the
relevance of our data set to assessing alterations in spinal cord
synaptic processes in our SMA model system.
Quantitative Proteomic Analysis Reveals Protein
Alterations in Synaptosomes from Smn2B/! Mice
In an attempt to disclose proteins involved in the synaptic
dysfunction of motor neurons in SMA, statistical analysis of the
label-free quantitative proteomic data was performed, and
signi!cant protein abundance di"erences in synaptosomes of
control and Smn2B/! mice were elucidated. Our initial analysis,
using a student’s t test to assess signi!cant di"erences between
the means of control and Smn2B/! mice, resulted in 170
proteins ("8% of our data set) with P-values below 0.05
(Table S2). Moreover, further statistical rigor assessing
variance (ANOVA) and fold change (>1.3) yielded 65
proteins ("3% of our data set) whose abundance di"erences
were considered signi!cantly relevant (Table S3).
To graphically represent the statistical data, a volcano plot
was constructed by inputting the log10 P-value as a function of
log2 fold-change. Interestingly, the vast majority of the
synaptosome proteins were observed at statistically similar
levels between control and Smn2B/! mice (Figure 5). Of the
altered proteins, 58 out of the 65 proteins were observed to be
signi!cantly higher in synaptosomes from Smn2B/! mice, while
only seven proteins, puromycin sensitive aminopeptidase
(PSA), diphosphoinositol polyphosphate phosphoryhydrolase
3-alpha (DIPP3), CD81, selenoprotein M, 60s ribosomal
protein L12, alpha-actinin-3, and glucosamine-6-phosphate
isomerase 2, were signi!cantly reduced in synaptosomes of
Smn2B/! mice (Table S1). The clear pattern of protein
alterations being elevated in SMA synaptosomes rather than
reduced is suggestive of a defect in regulating the abundance of
speci!c proteins in the synapse. Alternatively, these results may
indicate that SMN depletion induces a compensatory
Table 1. DAVID Gene Ontology Enrichment Analysis of
Synaptic-Related Proteins Identi!ed in Control and Smn2B/!
Mice
Gene Ontology count P-value
fold
enrichment Benjamini
mitochondrion 697 3.59 ! 10!291 4.17 2.78 ! 10!288
synapse 131 3.56 ! 10!26 2.67 1.72 ! 10!24
dendrite 100 1.06 ! 10!12 2.10 1.87 ! 10!11
axon 99 5.66 ! 10!21 2.75 1.99 ! 10!19
postsynaptic
density
67 2.06 ! 10!15 2.88 4.95 ! 10!14
synaptic vesicle 58 3.11 ! 10!25 4.73 1.27 ! 10!23
postsynaptic
membrane
34 8.92 ! 10!03 1.58 4.32 ! 10!02
synaptic vesicle
membrane
30 3.43 ! 10!14 5.06 7.18 ! 10!13
clathrin-coated pit 30 1.98 ! 10!14 5.14 4.37 ! 10!13
presynaptic
membrane
27 3.53 ! 10!09 3.70 2.73 ! 10!06
synaptic
membrane
13 3.44 ! 10!05 4.05 2.93 ! 10!04
neuromuscular
junction
13 1.92 ! 10!02 2.09 8.46 ! 10!02
Figure 4. Pro!le of synaptosome proteome. The dynamic range of on-
column protein abundance. The distribution of proteins (y-axis)
within a range of on-column protein abundances in fmol (x-axis).
Gray bars represent control proteins (control), and black bars
represent Smn2B/! mouse proteins.
Figure 5. Volcano plot depicting di"erentially abundant synaptosome
proteins. The volcano plot displays !log10 corrected t test values (y-
axis) versus log2 fold change (x-axis). Data points above horizontal
dashed line (P-values below 0.05) and to the left (orange) and right
(green) of the vertical dashed lines (abundance ratios above 1.3)
represent proteins with statistically signi!cant abundance di"erences.
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control and Smn2B/! samples. Indeed, our results indicate a
signi!cant enrichment of proteins associated with numerous
synaptic components including synaptic vesicles, axons,
dendrites, synaptic membranes, and postsynaptic density
(Table 1).
Th inclusion of label-free internal peptide standards (Hi3)
was added to each biological replicate to aid in relative
quantitation analysis (see below). Moreover, the addition of a
known amount of Hi3 peptides also allows for estimation of
on-column protein abundances that is useful for determining
the dynamic range of our data set.29 Upon analyzing the
abundance of synaptosome proteins on column, we observed a
dynamic range spanning six orders of magnitude (0.004!14
fmols) (Figure 4). Cytoplasmic actin, which has diverse
presynaptic and postsynaptic functions,30 was the highest
abundant protei identi!ed in our data set (Table S1). A
mitochon rial protein involved in phospholipid metabolism,
know as phosphatidylserine decarboxylase proenzyme,31 was
ide ti!ed at the low end of the spectrum. Taken together,
functional evaluation of the proteomic data demonstrates the
relevance of our data set to assessing alterations in spinal cord
synaptic processes in our SMA model system.
Quantitative Proteomic Analysis Reveals Protein
Alterations in Synaptosomes from Smn2B/! Mice
In an attempt to disclose proteins involved in the synaptic
dysfunction of motor neurons in SMA, statistical analysis of the
label-free quantitative proteomic data was performed, and
signi!cant protein abundance di"erences in synaptosomes of
control and Smn2B/! mice were elucidated. Our initial analysis,
using a student’s t test to assess signi!cant di"erences between
the means of control and Smn2B/! mice, resulted in 170
proteins ("8% of our data set) with P-values below 0.05
(Table S2). Moreover, further statistical rigor assessing
variance (ANOVA) and fold change (>1.3) yielded 65
protei s ("3% of our data set) who e abundance di"ere ces
were considered signi!cantly relevant (Table S3).
To graphically represent th statistical data, a volcano plot
was constructed by inp tting the log10 P-value as a function of
log2 fold-change. Interestingly, the vast majority of the
synaptosome proteins were observed at statistically similar
levels between control and Smn2B/! mice (Figure 5). Of the
altered proteins, 58 out of the 65 proteins were observed to be
signi!cantly higher in synaptosomes from Smn2B/! mice, while
only seven proteins, puromycin sensitive aminopeptidase
(PSA), diph sph in sitol polyphosphate phosphoryhydrolase
3-alpha (DIPP3), CD81, e enopr tein M, 60s ribosomal
protein L12, alpha-a tinin-3, nd glucosamine-6-phosphate
isomerase 2, were signi!cantly reduced in synaptosomes of
Smn2B/! mice (Table S1). The clear pattern of protein
alterations being elevated in SMA synaptosomes rather than
reduced is suggestive of a defect in regulating the abundance of
speci!c proteins in the synapse. Alternatively, th se results may
indicat that SMN depleti n induces a compensatory
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Synaptic-Related Proteins Identi!ed in Control and Smn2B/!
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Gene Ontology count P-value
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enrichment Benjamini
mitochondrion 697 3.59 ! 10!291 4.17 2.78 ! 10!288
synapse 131 3.56 ! 10!26 2.67 1.72 ! 10!24
dendrite 100 1.06 ! 10!12 2.10 1.87 ! 10!11
axon 99 5.66 ! 10!21 2.75 1.99 ! 10!19
postsynaptic
density
67 2.06 ! 10!15 2.88 4.95 ! 10!14
synaptic vesicle 58 3.11 ! 10!25 4.73 1.27 ! 10!23
postsynaptic
membrane
34 8.92 ! 10!03 1.58 4.32 ! 10!02
synaptic vesicle
membrane
30 3.43 ! 10!14 5.06 7.18 ! 10!13
clathrin-coated pit 30 1.98 ! 10!14 5.14 4.37 ! 10!13
presynaptic
membrane
27 3.53 ! 10!09 3.70 2.73 ! 10!06
synaptic
membrane
13 3.44 ! 10!05 4.05 2.93 ! 10!04
neuromuscular
junction
13 1.92 ! 10!02 2.09 8.46 ! 10!02
Figure 4. Pro!le of synaptosome proteome. The dynamic range of on-
column protein abundance. The distribution of proteins (y-axis)
within a range of on-column protein abundances in fmol (x-axis).
Gray bars represent control proteins (control), and black bars
represent Smn2B/! mouse pro eins.
Figure 5. Volcano plot depicting di"erentially abundant synaptosome
proteins. The volcano plot displays !log10 corrected t test values (y-
axis) versus log2 fold change (x-axis). Data points above horizontal
dashed line (P-values below 0.05) and to the left (orange) and right
(green) of the vertical dashed lines (abundance ratios above 1.3)
represent proteins with statistically signi!cant abundance di"erences.
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 Quantitative Proteomic Analysis Reveals Protein Alterations in Synaptosomes From 
Smn2B/- Mice  
   In attempt to disclose proteins involved in the synaptic dysfunction of motor 
neurons in SMA, statistical analysis of the label-free quantitative proteomic data was 
performed, and significant protein abundance differences in synaptosomes of control and 
Smn2B/- mice were elucidated. Our initial analysis, using a student’s t-test to assess 
significant differences between the means of control and Smn2B/- mice, resulted in 170 
proteins (~8% of our dataset) with P-values below 0.05 [Table S4.1]. Moreover, further 
statistical rigor assessing variance (ANOVA) and fold change (>1.3) yielded 65 proteins 
(~3% of our dataset) whose abundance differences were considered significantly relevant 
[Table S4.1].   
To graphically represent the statistical data, a volcano plot was constructed by 
inputting the log10 P-value as a function of log2 fold-change. Interestingly, the vast majority 
of the synaptosome proteins were observed at statistically similar levels between control 
and Smn2B/- mice [Figure 4.5]. Of the altered proteins, 58 out of the 65 proteins were 
observed to be significantly higher in synaptosomes from Smn2B/- mice, while only 7 
proteins: puromycin sensitive aminopeptidase (PSA), diphosphoinositol polyphosphate 
phosphoryhydrolase 3-alpha (DIPP3), CD81, selenoprotein M, 60s ribosomal protein L12, 
alpha-actinin-3, and glucosamine-6-phosphate isomerase 2 were significantly reduced in 
synaptosomes of Smn2B/- mice [Table S4.1]. The clear pattern of protein alterations being 
elevated in SMA synaptosomes rather than reduced is suggestive of a defect in regulating 
the abundance of specific proteins in the synapse.  Alternatively, these results may indicate 
that SMN depletion induces a compensatory adaptation response resulting in the observed 
protein alterations.  
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Figure 4.5 - Volcano plot depicting differentially abundant synaptosome proteins. The volcano 
plot displays −log10 corrected t test values (y- axis) versus log2 fold change (x-axis). Data points 
above horizontal dashed line (P-values below 0.05) and to the left (orange) and right (green) of the 
vertical dashed lines (abundance ratios above 1.3) represent proteins with statistically significant 
abundance differences. 
 
 
 
 
 
 
 
control and Smn2B/! samples. Indeed, our results indicate a
signi!cant enrichment of proteins associated with numerous
synaptic components including synaptic vesicles, axons,
dendrites, synaptic membranes, and postsynaptic density
(Table 1).
The inclusion of label-free internal peptide standards (Hi3)
was added to each biological replicate to aid in relative
quantitation analysis (see below). Moreover, the addition of a
known amount of Hi3 peptides also allows for estimation of
on-column protein abundances that is useful for determining
the dynamic range of our data set.29 Upon analyzing the
abundance of synaptosome proteins on column, we observed a
dynamic range spanning six orders of magnitude (0.004!140
fmols) (Figure 4). Cytoplasmic actin, which has diverse
presynaptic and postsynaptic functions,30 was the highest
abundant protein identi!ed in our data set (Table S1). A
mitochondrial protein involved in phospholipid metabolism,
known as phosphatidylserine decarboxylase proenzyme,31 was
identi!ed at the low end of the spectrum. Taken together,
functional evaluation of the proteomic data demonstrates the
relevance of our data set to assessing alterations in spinal cord
synaptic processes in our SMA model system.
Quantitative Proteomic Analysis Reveals Protein
Alterations in Synaptosomes from Smn2B/! Mice
In an attempt to disclose proteins involved in the synaptic
dysfunction of motor neurons in SMA, statistical analysis of the
label-free quantitative proteomic data was performed, and
signi!cant protein abundance di"erences in synaptosomes of
control and Smn2B/! mice were elucidated. Our initial analysis,
using a student’s t test to assess signi!cant di"erences between
the means of control and Smn2B/! mice, resulted in 170
proteins ("8% of our data set) with P-values below 0.05
(Table S2). Moreover, further statistical rigor assessing
variance (ANOVA) and fold change (>1.3) yielded 65
proteins ("3% of our data set) whose abundance di"erences
were considered signi!cantly relevant (Table S3).
To graphically represent the statistical data, a volcano plot
was constructed by inputting the log10 P-value as a function of
log2 fold-change. Interestingly, the vast majority of the
synaptosome proteins were observed at statistically similar
levels between control and Smn2B/! mice (Figure 5). Of the
altered proteins, 58 out of the 65 proteins were observed to be
signi!cantly higher in synaptosomes from Smn2B/! mice, while
only seven proteins, puromycin sensitive aminopeptidase
(PSA), diphosphoinositol polyphosphate phosphoryhydrolase
3-alpha (DIPP3), CD81, selenoprotein M, 60s ribosomal
protein L12, alpha-actinin-3, and glucosamine-6-phosphate
isomerase 2, were signi!cantly reduced in synaptosomes of
Smn2B/! mice (Table S1). The clear pattern of protein
alterations being elevated in SMA synaptosomes rather than
reduced is suggestive of a defect in regulating the abundance of
speci!c proteins in the synapse. Alternatively, these results may
indicate that SMN depletion induces a compensatory
Table 1. DAVID Gene Ontology Enrichment Analysis of
Synaptic-Related Proteins Identi!ed in Control and Smn2B/!
Mice
Gene Ontology count P-value
fold
enrichment Benjamini
mitochondrion 697 3.59 ! 10!291 4.17 2.78 ! 10!288
synapse 131 3.56 ! 10!26 2.67 1.72 ! 10!24
dendrite 100 1.06 ! 10!12 2.10 1.87 ! 10!11
axon 99 5.66 ! 10!21 2.75 1.99 ! 10!19
postsynaptic
density
67 2.06 ! 10!15 2.88 4.95 ! 10!14
synaptic vesicle 58 3.11 ! 10!25 4.73 1.27 ! 10!23
postsynaptic
membrane
34 8.92 ! 10!03 1.58 4.32 ! 10!02
synaptic vesicle
membrane
30 3.43 ! 10!14 5.06 7.18 ! 10!13
clathrin-coated pit 30 1.98 ! 10!14 5.14 4.37 ! 10!13
presynaptic
membrane
27 3.53 ! 10!09 3.70 2.73 ! 10!06
synaptic
membrane
13 3.44 ! 10!05 4.05 2.93 ! 10!04
neuromuscular
junction
13 1.92 ! 10!02 2.09 8.46 ! 10!02
Figure 4. Pro!le of synaptosome proteome. The dynamic range of on-
column protein abundance. The distribution of proteins (y-axis)
within a range of on-column protein abundances in fmol (x-axis).
Gray bars represent control proteins (control), and black bars
represent Smn2B/! mouse proteins.
Figure 5. Volcano plot depicting di"erentially abundant synaptosome
proteins. The volcano plot displays !log10 corrected t test values (y-
axis) versus log2 fold change (x-axis). Data points above horizontal
dashed line (P-values below 0.05) and to the left (orange) and right
(green) of the vertical dashed lines (abundance ratios above 1.3)
represent proteins with statistically signi!cant abundance di"erences.
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To support the accuracy of the statistical analysis, we examined the synaptosome 
abundance levels of two actin-regulating proteins (moesin and a-actinin-3) by immunoblot 
analysis, whose mean differences were just below the cut-off value (P-value < 0.05) and 
also displayed a moderate level of variation amongst biological replicates but were 
concluded to be statistically significant. In addition, levels of cofilin-1 and cofilin-2 were 
probed to serve as negative controls as these actin-binding proteins were just above the cut-
off values and whose fold-change differences were concluded to be statistically 
insignificant due to high variation among biological replicates [Table S4.1].  As shown, 
a-actinin-3 was confirmed to have higher protein levels in control mice [Figure 4.6A and 
4.6B], whereas moesin was observed at higher protein levels in the Smn2B/- mice [Figure 
4.6A and 4.6C]. Furthermore, the protein abundance for cofilin-1and cofilin-2 did not 
significantly change between control and Smn2B/- mice [Figure 4.6A and 4.6D-E], further 
confirming our mass spectrometry data analysis.  The altered levels of moesin and a-
actinin-3 are intriguing as impaired regulation of the actin cytoskeleton has been proposed 
to be a primary defect in SMA [32]. The maintenance and organization of the actin 
cytoskeleton is indispensable for synaptogenesis, establishing correct cell polarity, 
synaptic plasticity, and proper neurotransmitter release in neurons [30]. Therefore, it might 
be valuable to further explore the functional role of moesin and a-actinin-3 in the SMA 
model of motor neuron degeneration.   
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Figure 4.6 - Levels of actin cytoskeleton regulators moesin and α- actinin-3 are altered within 
synapses of spinal cords of Smn2
B/− 
mice at a presymptomatic stage. (A) Representative images 
of immuno- blotting experiments on synaptosome fractions prepared from spinal cords of Smn
2B/− 
mice and their control littermates at PND11. (B−E) Quantification of immunoblotting images 
showing a decrease in the levels of α-actinin-3, while the levels of moesin are increased in synapses 
of spinal cord of Smn
2B/− 
mice at PND11 (n = 3; paired t test, P < 0.05 was considered significant). 
∗ indicates statistically different, NS indicates not statistically significant. Protein levels were 
normalized to total protein levels as described in the Experimental Section. 
 
 
 
 
 
adaptation response resulting in the observed protein
alterations.
To support the accuracy of the statistical analysis, we
examined the synaptosome abundance levels of two actin-
regulating proteins (moesin and !-actinin-3) by immunoblot
analysis, whose mean di!erences were just below the cuto!
value (P-value <0.05) and also displayed a moderate level of
variation among biological replicates but were concluded to be
statistically signi"cant. In addition, levels of co"lin-1 and
co"lin-2 were probed to serve as negative controls as these
actin-binding proteins were just above the cuto! values and
whose fold-change di!erences were concluded to be statisti-
cally insigni"cant due to high variation among biological
replicates (Table S3). As shown, !-actinin-3 was con"rmed to
have higher protein levels in control mice (Figure 6A,B),
whereas moesin was observed at higher protein levels in the
Smn2B/! mice (Figure 6A,C). Furthermore, the protein
abundance for co"lin-1and co"lin-2 did not signi"cantly
change between control and Smn2B/! mice (Figure 6A,D,E),
further con"rming our mass spectrometry data analysis. The
altered levels of moesin and !-actinin-3 are intriguing as
impaired regulation of the actin cytoskeleton has been
proposed to be a primary defect in SMA.32 The maintenance
and organization of the actin cytoskeleton are indispensable for
synaptogenesis, establishing correct cell polarity, synaptic
plasticity, and proper neurotransmitter release in neurons.30
Therefore, it might be valuable to further explore the
functional role of moesin and !-actinin-3 in the SMA model
of motor neuron degeneration.
Reduced Levels of SMN Results in Synapse Protein
Imbalance Concerning Neurotransmitter Toxicity,
Mitochondrial Dysfunction, and Cholesterol Metabolism
Inspection of the protein alterations identi"ed several proteins
that have previously been reported to be associated with
neurological/neurodegenerative disorders (Table 2). For
example, we observed a statistically signi"cant increase in
fold-change for glycyl tRNA ligase (GlyRS) in the Smn2B/!
mice (Table 2). Mutations in the gene that encode for GlyRS
cause Charcot-Marie-Tooth-type 2D (CMT2D), a progressive
neuropathy that is phenotypically analogous to distal SMA
type-V (SMA-DV).33 In CMT2D, GlyRS mutants alter its
functional interactome, resulting in disruption of signaling
pathways critical for peripheral axon survival.34 The abundance
of transmembrane protein 106B (TMEM106B) and Annexin-
A2 (AnxA2) was also higher in synaptosomes from Smn2B/!
mice when compared to control mice (Table 2). Over-
expression of TMEM106B is cytotoxic, causing oxidative
stress-induced cell death,35 and has been associated with
frontotemporal lobar degeneration (FTLD), a condition where
15% of cases develop motor neuron impairments similar to
amyotrophic lateral sclerosis (ALS).36 AnxA2, a Ca2+ binding
protein known to mediate membrane organization and signal
transduction,37 has been shown to interact and interfere with
the proper localization of tau.38 Because of this, AnxA2 is
believed to play a neurodegenerative role in Alzheimer’s
disease.38 Furthermore, AnxA2 was reported to be a direct
binding partner of SMN.39 Lastly, we observed that the protein
abundance of the essential neural protein neurochondrin
(NCDN) is elevated in synaptosomes from Smn2B/! mice
(Table 2). Like AnxA2, NCDN has recently been shown to
associate with SMN in neurites and regulate its localization and
has been proposed to be a novel therapeutic target for SMA.40
To investigate additional connections between the observed
protein imbalances and canonical cellular pathways, we
compared DAVID enrichment analyses between our list of
di!erentially expressed proteins and the total data set (Figure
7). Most notable were the enrichments of proteins that
function in mitochondria dynamics, protein clearance, and
lipid metabolism (Figure 7).
Following enrichment analysis, we were interested in
delineating putative molecular regulators within these func-
tional categories that may play important roles in the etiology
of the SMA phenotype.
Mitocho dria Dysfunction. A commonality among many
neuromuscular disorders is the disruption of mitochondrial
homeostasis and bioenergetics.41 However, the speci"c
mitochondria pathways that are a!ected can di!er substantially
between these disorders. In SMA, the number of viable
mitochondria within motor neurons has been shown to be
severely diminished in response to decreased levels of SMN
protein.32 Our data set found >85% of mitochondrial proteins
to be at similar levels, which suggested no signi"cant di!erence
in the total number of intrasynaptic mitochondria between
Smn2B/! and control mice. However, there were speci"c
mitochondrial proteins whose levels were signi"cantly di!erent
between Smn2B/! and control mice, which suggested that
mitochondrial dysfunction may contribute to the degeneration
of the synaptic terminals during the early onset of the disease.
Figure 6. Levels of actin cytoskeleton regulators moesin and !-
actinin-3 are altered within synapses of spinal cords of Smn2B/! mice
at a presymptomatic stage. (A) Representative images of immuno-
blotting experiments on synaptosome fractions prepared from spinal
cords of Smn2B/! mice and their control littermates at PND11. (B!E)
Quanti"cation of immunoblotting images showing a decrease in the
levels of !-actinin-3, while the levels of moesin are increased in
synapses of spinal cord of Smn2B/! mice at PND11 (n = 3; paired t
test, P < 0.05 was considered signi"cant). " indicates statistically
di!erent, NS indicates not statistically signi"cant. Protein levels were
normalized to total protein levels as described in the Experimental
Section.
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Reduced Levels of SMN Results in Synapse Protein Imbalance Concerning 
Neurotransmitter Toxicity, Mitochondrial Dysfunction, and Cholesterol Metabolism  
 
   Inspection of the protein alterations identified several proteins that have previously 
been reported to be associated with neurological/neurodegenerative disorders [Table 4.2]. 
For example, we observed a statistically significant increase in fold-change for glycyl 
tRNA ligase (GlyRS) in the Smn2B/- mice [Table 4.2]. Mutations in the gene that encodes 
for GlyRS cause Charcot-Marie-Tooth type 2D (CMT2D), a progressive neuropathy that 
is phenotypically analogous to distal SMA type-V (SMA-DV) [33]. In CMT2D, GlyRS 
mutants alter its functional interactome resulting in disruption of signaling pathways 
critical for peripheral axon survival [34]. The abundance of transmembrane protein 106B 
(TMEM106B) and Annexin-A2 (AnxA2) was also higher in synaptosomes from Smn2B/- 
mice when compared to control mice [Table 4.2]. Overexpression of TMEM106B is 
cytotoxic, causing oxidative stress-induced cell death, and has been associated with 
frontotemporal lobar degeneration (FTLD), a condition where 15% of cases develop motor 
neuron impairments similar to amyotrophic lateral sclerosis (ALS) [35,36]. AnxA2, a Ca2+ 
binding protein known to mediate membrane organization and signal transduction, has 
been shown to interact and interfere with the proper localization of tau [37,38]. Because of 
this, AnxA2 is believed to play a neurodegenerative role in Alzheimer’s disease [38]. 
Furthermore, AnxA2 was reported to be a direct binding partner of SMN [39]. Lastly, we 
observed that the protein abundance of the essential neural protein neurochondrin (NCDN) 
is elevated in synaptosomes from Smn2B/- mice [Table 4.2]. Like AnxA2, NCDN has 
recently been shown to associate with SMN in neurites and regulate its localization and has 
been proposed to be a novel therapeutic target for SMA [40]. 
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Table 4.2 - Significant Protein Alterations in Spinal Cord Synaptosomes from Smn2B/− 
Mice. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 An interesting example was the observation of two enzymes
active in mitochondrial nucleotide homeostasis, which were
found to be higher in Smn2B/! mice; thymidine kinase 2 (TK2)
(mtDNA synthesis)42 and adenylate kinase 3 (AK3) (ADP/
ATP exchange)43 (Table 2). The TK2 result is surprising since
it has been reported that TK2 de!ciency, in contrast to the
elevated levels seen in our data set, leads to myopathy and
mitochondrial toxicity.44 Moreover, AK3 was speci!cally
higher in Smn2B/! mice, while isozymes AK1 and AK2 were
both found to be at equal levels between the two conditions
(Table S1). While AK3 is somewhat understudied, it is
speci!cally localized to the mitochondrial matrix, which is the
site of central metabolic processes such as fatty acid oxidation
and the citric acid cycle.45!47 In contrast, AK1 and AK2 are
predominately localized to the cytosol and inner mitochondrial
membrane, respectively.48 However, further studies will be
required to determine the functional consequence of over-
expressing TK2 and AK3 with respect to synaptic mitochon-
dria dysfunction and motor neuron survival.
Cholesterol Synthesis and Bioenergetics. Our current
study has revealed intriguing alterations in proteins involved in
the synthesis of metabolic second messengers and cholesterol
biogenesis (Table 2). Only seven proteins were identi!ed to be
de!cient in the Smn2B/! sample, one of them being DIPP-3!, a
protein known to hydrolyze diphosphoinositol polyphos-
phates.49 Although the biological activities of diphosphoinosi-
tol polyphosphates are poorly understood, their levels are
tightly coordinated with the bioenergetic status of the cell.49
Furthermore, diphosphoinositol polyphosphate accumulation
has been shown to compete for plekstrin homology domain
containing proteins and attenuate phosphatidylinositol (3,4,5)
triphosphate (PIP3) signaling.50 As PIP3 has important roles
in postsynaptic processes and synaptic plasticity,51 it would be
interesting to test if diphosphoinositol polyphosphate accu-
mulation occurs in Smn2B/! mice due to lower DIPP3! levels,
and if there is any subsequent e"ect on PIP3 signaling at the
synapse of motor neurons.
We also observed a cluster of proteins at higher abundance
ratios in the Smn2B/! samples that function in the production
of cholesterol. Most notable was the detection of lanosterol
synthase and lanosterol demethylase at signi!cantly higher
abundance levels in the Smn2B/! sample (Table 2). Lanosterol
synthase and lanosterol demethylase function in the biosyn-
thesis of cholesterol and other sterols.52 Moreover, a cytosolic
Table 2. Signi!cant Protein Alterations in Spinal Cord Synaptosomes from Smn2B/! Mice
biological function ID protein description FC P-value
Actin Dynamics
higher in Smn2B/! P26041.3 moesin 1.43 0.05
lower in Smn2B/! O88990.1 alpha-actinin-3 1.31 0.05
Connection to Motor Neuron Disorders
higher in Smn2B/! P07356.2 annexin-2 1.54 0.03
higher in Smn2B/! Q9Z0E0.1 neurochondrin 1.34 0.02
higher in Smn2B/! Q9CZD3.1 glycine-tRNA ligase 1.46 0.006
higher in Smn2B/! Q80 ! 71.1 transmembrane protein 106b 1.46 0.008
Mitochondrial Dysfunction
higher in Smn2B/! Q9R088.2 thymidine kinase 2 1.47 0.03
higher in Smn2B/! Q9WTP7.3 adenylate kinase 3 1.37 0.04
Cholesterol Synthesis and Bioenergetics
higher in Smn2B/! Q8BLN5.2 lanosterol synthase 1.52 0.05
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To investigate additional connections between the observed protein imbalances and 
canonical cellular pathways, we compared DAVID enrichment analyses between our list of 
differentially expressed proteins and the total dataset [Figure 4.7].  Most notable were the 
enrichment of proteins that function in mitochondria dynamics, protein clearance, and lipid 
metabolism [Figure 4.7]. Following enrichment analysis, we were interested in delineating 
putative molecular regulators within these functional categories that may play important 
roles in the etiology of the SMA phenotype.     
 
 
 
 
 
 
 
 
Figure 4.7 - Gene Ontology of differentially abundant synaptosome proteins. Qualitative 
comparison of DAVID enrichment analyses of synaptosomal proteins found to be differentially 
expressed (black bars, Δsynaptosome) and the total synaptosome proteome data set (gray bars, total 
data set). Gene Ontology mapped for proteins in relation to molecular function. Gene Ontology 
terms are shown on the y-axis with corresponding percent gene composition (x-axis). Notable 
differences are highlighted by stars. 
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Mitochondria Dysfunction: A commonality among many neuromuscular disorders 
is the disruption of mitochondrial homeostasis and bioenergetics [41]. However, the 
specific mitochondria pathways which are affected can differ substantially between these 
disorders. In SMA, the number of viable mitochondria within motor neurons has been 
shown to be severely diminished in response to decreased levels of SMN protein [32]. Our 
dataset found >85% of mitochondrial proteins to be at similar levels, suggesting no 
significant difference in the total number of intra-synaptic mitochondria between Smn2B/- 
and control mice. However, there were specific mitochondrial proteins whose levels were 
significantly different between Smn2B/- and control mice, suggesting that mitochondrial 
dysfunction may contribute to the degeneration of the synaptic terminals during the early 
onset of the disease. An interesting example was the observation of two enzymes active in 
mitochondrial nucleotide homeostasis, which were found to be higher in Smn2B/- mice; 
thymidine kinase 2 (TK2) (mtDNA synthesis) and adenylate kinase 3 (AK3) (ADP/ATP 
exchange) [Table 4.2] [42,43].  The TK2 result is surprising since it has been reported that 
TK2 deficiency, in contrast to the elevated levels seen in our dataset, leads to myopathy 
and mitochondrial toxicity [44]. Moreover, AK3 was specifically higher in Smn2B/- mice, 
while isozymes AK1 and AK2 were both found to be at equal levels between the two 
conditions [Table S4.1].  While AK3 is somewhat understudied, it is specifically localized 
to the mitochondrial matrix, which is the site of central metabolic processes such as fatty 
acid oxidation and the citric acid cycle [45-47]. In contrast, AK1 and AK2 are 
predominately localized to the cytosol and inner mitochondrial membrane respectively 
[48]. However, further studies will be required to determine the functional consequence of 
 
106 
 
overexpressing TK2 and AK3 with respect to synaptic mitochondria dysfunction and motor 
neuron survival. 
Cholesterol Synthesis and Bioenergetics: Our current study has revealed intriguing 
alterations in proteins involved in the synthesis of metabolic second messengers and 
cholesterol biogenesis [Table 4.2]. Only 7 proteins were identified to be deficient in the 
Smn2B/- sample, one of them being DIPP-3a, a protein known to hydrolyze 
diphosphoinositol polyphosphates [49].  Although the biological activities of 
diphosphoinositol polyphosphates are poorly understood, their levels are tightly 
coordinated with the bioenergetic status of the cell [49]. Furthermore, diphosphoinositol 
polyphosphate accumulation has been shown to compete for plekstrin homology domain 
containing proteins and attenuate phosphatidylinositol (3,4,5) triphosphate (PIP3) 
signaling [50].  As PIP3 has important roles in postsynaptic processes and synaptic 
plasticity, it would be interesting to test if diphosphoinositol polyphosphate accumulation 
occurs in Smn2B/- mice due to lower DIPP3a levels, and if there is any subsequent effect 
on PIP3 signaling at the synapse of motor neurons [51].   
 We also observed a cluster of proteins at higher abundance ratios in the Smn2B/- samples 
that function in the production of cholesterol. Most notable was the detection of lanosterol 
synthase and lanosterol demethylase at significantly higher abundance levels in the Smn2B/- 
sample [Table 4.2].  Lanosterol synthase and lanosterol demethylase function in the 
biosynthesis of cholesterol and other sterols [52]. Moreover, a cytosolic isoform of 
isocitrate dehydrogenase (IDHc) was upregulated in Smn2B/- mice [Table 4.2]. IDHc is 
indirectly involved in the synthesis of cholesterol through the production of NADPH, a 
cofactor required by lanosterol demethylase [52,53]. Finally, cytoplasmic aconitase was 
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also detected at statistically higher levels in the Smn2B/- sample [Table S4.1]. Cytoplasmic 
aconitase catalyzes the interconversion of citrate to isocitrate and thus regulates the amount 
of NADPH generated from isocitrate by isocitrate dehydrogenase [54]. The role of 
cholesterol in motor neuron biology is quite dynamic.  On the one hand, cholesterol has 
been well characterized as being a critical factor for synaptic formation and function [55]. 
On the other hand, cholesterol accumulation has also been implicated in oxidative stress 
induced cell death of motor neurons in ALS [56]. Collectively, the increase of four 
cholesterol regulating enzymes in the SMA sample encourages further investigation of the 
role of cholesterol in the pathology of SMA.   
Neurotransmitter and Protein Clearance: Our proteomic investigation indicated 
alterations of a number of enzymes involved in protein turnover that may contribute to 
neurotoxicity dependent cell death in SMA pathology. For instance, we found that the 
protein abundance of dipeptidyl peptidase 3 (also known as enkephalinase B) and synapsin-
3 to be increased in Smn2B/- mice [Table 4.2].  At the synapse, dipeptidyl peptidase 3 
inactivates several critical neuropeptides and circulating hormones,57 while synapsin-3 is 
involved in synaptic vesicle recycling and regulation of neurotransmitter release [57-59]. 
The identification of three members of the Cullin family of E3 ligases was intriguing due 
to the recent report of Cullin induced degradation of SMN protein [60].  Cullin-2 and 
Cullin-3 were both found to be elevated in the Smn2B/- sample while Cullin-5 levels were 
unaltered [Table S4.1].  Since motor neuron survival is critically dependent on SMN 
levels, Cullin-2 and Cullin-3 represent potential targets for elevating SMN levels and 
preventing motor neuron cell death [25].  Finally, within our dataset, the protein that 
showed the largest abundance ratio difference along with superior statistical significance 
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was the puromycin aminopeptidase (PSA) [Table 4.2].  PSA belongs to the M1 family of 
metallopeptidases and is active in neuronal tissues [61,62]. PSA has been characterized as 
a strong attenuator of proteotoxicity and is proposed to promote autophagy-mediated 
protein clearance of several known proteotoxins including polyQ-expanded huntingtin, 
ataxin, mutant alpha-synuclein, and tau [63,64]. With PSA being found to be over 2-fold 
lower in the synapse of motor neurons isolated from Smn2B/- mice, PSA may serve as a 
promising SMA synaptic biomarker. Also, mechanisms that elevate PSA protein levels 
should be investigated to determine if they can contribute to synaptic terminal equilibrium 
and motor neuron survival during the early onset of the disease. 
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4.4 - Conclusion 
Although SMA is largely considered a motor neuron disease, recent evidence has shown 
defects in neural circuits that impact central synapses [10,12-15]. Indeed, the response of 
motor neurons to stimulation of afferent fibers is significantly decreased in SMA mice, 
even prior to onset of disease. However, the nature of molecular changes at the central 
synapses of SMA mice remains an open question. Here, our quantitative proteomic efforts 
have revealed novel protein alterations occurring within the central synapse of spinal cords 
from Smn2B/- mice at the pre-symptomatic stage.  Intriguing changes involved imbalances 
of proteins that may contribute to neurotoxicity dependent cell death and synaptic 
dysfunction, encouraging new avenues of research into the role of synaptic homeostasis in 
SMA pathology.  
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CHAPTER 5- GENERAL CONCLUSIONS AND FUTURE WORK 
 
5.1 - Improving Proteome Coverage: Utilizing Data-Independent Acquisition Mass 
Spectrometry Employing Orthogonal Ion Mobility Separation to Profile The Proteomes 
of Biological Systems  
The complexity of the proteome is astonishing. With the variation in number of 
proteoforms estimated to reach levels of five orders of magnitude, it is not surprising that 
this factor alone can overwhelm proteomic investigations from characterizing the proteome 
in its totality [1]. What’s more, the challenges in proteomics is further compounded by the 
fact that the physico-chemical properties of individual proteins can differ drastically 
between other proteins. Therefore, reliance on any single acquisition method to analyze 
proteomes are likely going to be incomplete [2]. However, these cruxes of proteomics are 
somewhat mitigated by the ever-increasing technological advancements made to mass 
spectrometry–based analytical platforms, as well as combining various separation 
techniques to reduce protein complexity [2,3]. Therefore, it is from these challenges that 
warrants the continued development of methods for proteomic applications.  
In collaboration with Dr. Melania Cristescu’s lab (University of McGill), we have 
applied data-independent acquisition mass spectrometry (MSE) with ion mobility 
(HDMSE) to qualitatively study the proteome of Daphnia pulex. Based on our efforts, we 
were successful in identifying approximately 400 novel proteins that have never been 
reported using other acquisition methods. Although this was not the first proteomic 
investigation aimed at studying this model organism, it is the first time that HDMSE was 
employed to examine the proteome of Daphnia pulex. Most notably, from our data 
collected, we observed an approximate 50% increase in sequence coverage and at least a 
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2-fold greater number of peptides identified when using HDMSE compared to a strategy 
just using MSE. Therefore, we have determined that using orthogonal ion mobility 
separation in conjunction with data-dependent acquisition mass spectrometry will be 
advantageous towards label-free quantitative proteomic analysis.  
Daphnia is a versatile model organism used for a variety of targeted proteomic 
studies [4] which range from testing changes to their proteome under hypoxic conditions 
[5,6], microgravity [7], temperature [8,9], to the presence of predators or parasites [4, 10-
13]. However, perhaps the most important implication of using these species in proteomic 
investigations is to evaluate the ecotoxicological status of freshwater ecosystems [14-16]. 
The task of ecotoxicological studies is to assess the environmental damage induced by 
anthropomorphic perturbations [17]. It is well known that Daphnia are keystone species 
for aquatic habitats as well as a sentinel for environmental stress. The eco-responsiveness 
of the Daphnia genome is believed to contribute to tolerating fluctuating abiotic and biotic 
challenges in the environment, resulting in wide distribution of phenotypic plasticity 
observed in Daphnia species [18]. In addition, it has been documented that this crustacean 
arthropod, including Daphnia pulex, have colonized the freshwater ecosystem of the Great-
Lakes [19]. Although we did not utilize quantitative measures in our proteomic analysis of 
the Daphnia pulex proteome, the methods we developed later on employing label-free 
quantitative analysis using HDMSE can be applied to this system to monitor aquatic 
environmental health and contribute to the preservation of freshwater resources. Specially, 
by focusing on proteomic assays that screen for biomarkers from Daphnia pulex that are 
affected by heavy metal toxicity in aquatic habitats, or even exposure from microplastics. 
As a result, these proteomic assays could have immense potential for industrial uses to 
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assess effects of mining, and other development projects effect on surrounding water sheds 
and ecosystems.   
5.2 – Label-Free Quantitative Proteomics is a Robust and Viable Approach in Revealing 
Functional Networks Related to Disease Models and Evolutionary Adaptative Strategies  
While genomic and transcriptomic endeavors can be useful at approximating the 
protein landscape, the information they provide is limiting on the basis that single gene 
products can yield many different protein isoforms, and that the abundance of mRNA will 
not always correlate to protein expression and their relative abundances [20]. This 
important fact underlies the notion that information pertaining to proteins can only be 
measured at the protein level [21]. However, the dynamic range of protein abundances, 
depending on the sample, can vary between six to ten orders of magnitude and can change 
in a spatial-temporal manner [22]. Thus, a major challenge in quantitative proteomics is to 
accurately measure these changes based on the available technologies. In the works 
presented in this thesis, we report the utility in utilizing HDMSE with label-free quantitative 
strategies to monitor changes in protein concentrations in two separate biological systems.  
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5.2.1-Measuring Changes in Seminal Fluid Proteins of Chinook Salmon using Label-
Free Quantitative Proteomics 
Alternate reproductive tactics (ARTs), presented in the population of chinook 
salmon males, provided a novel opportunity to use quantitative proteomic applications to 
test and measure differences in protein content of the seminal plasma of the two competing 
males (i.e Hooknose and Jacks). In collaboration with Dr. Trevor Pitcher’s lab (University 
of Windsor), we examined their hypothesis in which the sexual competition that occurs 
between males of different mating behaviours, presented by the individual tactics of 
chinook salmon males, would exhibit dramatic disparities in protein content in the fluid of 
seminal plasma. Although the chinook salmon protein database is still currently under-
characterized, I was successful in developing a trained database to emulate chinook salmon 
seminal plasma proteins. Using bioinformatic analysis, we exploited the advantage of using 
cross-species proteomics of closely related Teleost fish to create a protein database for 
chinook salmon.  
This was the first reported case using label-free quantitative analysis, alongside 
with HDMSE, to measure and compare changes to the seminal plasma proteome content 
from a biological system that displays ARTs. Most importantly, we were able to observe 
significant changes to several proteins which may serve the purpose of mediating sperm 
motility and overall sperm-quality. One of the primary variables that affects sperm 
competition is overall sperm velocity [23]. One of the primary motives for initiating our 
study was previous work from the Pitcher laboratory that showed that Hooknose sperm 
velocity was significantly decreased after the addition of seminal fluid from Jack males, 
while the reciprocal experiment did not show a decrease to the velocity of Jack sperm 
[24,25]. To reflect back on our proteomic data, our efforts have uncovered that a 
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phosphodiesterase (PDE) – a protein that metabolizes cyclic AMP (cAMP) – was 
significantly upregulated in Jack seminal plasma compared to Hooknose seminal plasma. 
Since cAMP levels have been shown to mediate flagellar beating of the sperm tail (which 
is the main mechanism of propulsion), it warrants future studies to focus on the effects of 
PDE to chinook salmon sperm motility [26-28]. However, to test this theory would first 
require the quantitative examination of chinook salmon sperm proteome. In addition, our 
analysis has shown the presence of exosomes in chinook salmon seminal fluid. Although 
it was not shown from out dataset, PDEs are known to reside within exosome. Therefore, 
the direction of future work should also test for the proteomes of seminal plasma exosomes.  
5.2.2 Monitoring Changes in Protein Abundances in Synaptosomes Mimicking SMA 
Pathology 
Like most neuromuscular myopathies, the attenuation of synaptic transmission 
results from the destabilization of intracellular cargo shuttling within axons [29]. SMA is 
no exception, it has been shown that SMN1 loss of function is directly involved in the 
deregulation of actin dynamics [30]. In addition, actin is a major component of pre-synaptic 
terminals and responsible for organization, mobilization, and trafficking of synaptic 
vesicles [31]. It is believed that the desensitisation of neuromuscular junctions is caused by 
disruption of proper synaptic regulation and facilitates in the denervation observed in SMA 
[32]. While there are disease-modifying therapies that have been developed to target SMA, 
its efficiency is relegated to only certain SMA phenotypes [33]. Thus, it is important to 
target synaptic terminals for proteomic investigation to identify non-canonical pathways 
related to SMA pathology. 
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Our collaboration with Dr. Rashmi Kothary (University of Ottawa) have revealed 
possible novel synaptic targets for SMA. In addition, this is the first reported case where 
label-free quantitation using HDMSE was performed on synaptosomes from a SMA mouse 
model. Some of the significant changes to the proteome has shown an impact to cellular 
networks related to mitochondrial dynamics, cholesterol biogenesis, and protein clearance. 
Although our analysis did not yield any physiological impact on SMA research, one of our 
most intriguing findings was the discovery of a substantial alteration of puromycin-
sensitive aminopeptidase (PSA) in the synapse of SMA mice. With a fold-change almost 
three times greater in abundance in the control sample to the SMA sample, this was the 
first time that PSA was identified in relation to SMA studies and it will be interesting to 
determine its function in the progression of SMA and its potential use as a diagnostic 
marker. Future work should employ transgenic knock-out experiments to test if down-
regulation of PSA in wild type mice can induce the phenotypic neurodegeneration observed 
in SMA. In addition, the development of targeted mass spectrometry methods for PSA 
would further SMA research to determine if PSA is altered in other SMA model systems 
including clinical patients.  This could also lead to investigating if a enzyme replacement 
approach to return PSA to normal levels would be a viable therapeutic option.  
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5.3 Concluding Statement 
A major challenge, and objective in the life-sciences has been the characterizing of 
living systems at the molecular level. However, as technology enhances our capacity to 
shift the modes of analysis towards a systematic scale, so too does the ability to advance 
our understanding of biological systems. As a proof of concept, we have observed this 
trend - in three independent cases in the following thesis - where mass spectrometry was 
shown to be an indispensable tool for the purposes of proteomic investigations. The 
corollary of which has made proteomics an essential medium for the characterizing of the 
fundamental biological process of protein expression (qualitative and quantitative), of the 
dynamics between inter and intra molecular protein networks, of the protein-protein 
interactions that form molecular complexes, of the spectrum of diverse function exhibited 
by individual proteins, and of the identification of biological targets for drug design and 
personalized medicine. In conclusion, continued exploration of dynamic changes made to 
the proteome, multiprotein networks, and post-translational modifications by means of 
proteomic analysis will provide a deeper vision of cellular life and the mechanisms that 
regulate its homeostasis. 
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